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I.  FOCUS  AND  SCOPE 

Auger  electron  spectroscopy  (AES)  has  been  utilized  as  a  technique  for 
elemental  identification  and  trace  analysis  at  the  surface  of  solids  for  many 
years.1  Indeed.  AES  has  become  a  widely  available  and  almost  indispensable 
technique  for  determining  surface  cleanliness,  surface  coverage,  and  sputter 
depth  profiles.  AES  has  also  been  recognized  as  a  source  of  chemical 
information.  Usually  this  is  in  the  form  of  spectral  "finger  prints"  to  identify  the 
chemical  nature  of  various  atoms.  This  has  become  so  common  that  many  surface 
chemists  can  recognize  on  sight  the  C  KVV  derivative  Auger  spectra  ( i.e. 
dN(E)/dE,  where  N(E)  is  the  Auger  intensity  at  electron  kinetic  energy.  E)  for 
graphite,  metal  carbides  or  diamond , 2 ' 3  or  the  Si  L23VV  Auger  spectra  for  Si. 
SiOx,  or  metal  silicides.4  Another  source  of  chemical  information  is  from  the 
Auger  chemical  shifts.5’6-7’8*9.10-11’12 

AES  has  however  the  potential  to  provide  much  more  information,  natneiv. 
detailed  electronic  structure  information,  such  as  orbital  hybridization,  electron 
deiocaiization  and  correlation,  screening  effects,  charge  transfer,  bonding,  and 
covalency.  Such  information  can  be  obtained  from  a  thorough  understanding  of 
the  factors  contributing  to  the  Auger  spectral  line  shape,  and  a  quantitative 
interpretation  of  the  line  shape.  AES  has  not  realized  its  full  potential  because 
these  are  formidable  tasks,  but  significant  progress  has  been  made  in  recent  years. 

Our  focus  is  to  critically  evaluate  the  suitability  of  Auger  spectral  line 
shape  analysis  as  a  source  of  electronic  structure  information.  This  significantly 
narrows  the  scope  of  this  review.  The  nature  of  this  article  is  not  to  review  the 
extensive  literature  on  Auger  spectroscopy.  That  is  a  task  much  too  big  to  do 
adequately  here.  Three  whole  books  on  Auger  spectroscopy  have  recently 
appeared  which  trace  the  development  of  AES  and  summarize  the  proceedings  of 


Ramaker  5 


a  recent  international  conference  on  AES.13’14’15  A  number  of  review  articles 
on  AES  have  also  appeared  over  the  last  LO  years,  making  a  literature  review 
unnecessarv and  unwise.3-® >17, 18. 19. 20, 21,22, 2 3, 2 4, 25, 2 6, 2 7, 28, 29, 30, 31 

Further,  we  do  not  intend  to  examine  more  qualitative  techniques  for  gaining 
chemical  information,  such  as  Auger  chemical  shifts  or  fingerprinting,  nor  do  we 
examine  the  area  known  as  "quantitative"  AES,  which  deals  with  the  absolute 
intensity  of  the  Auger  signal  and  provides  for  elemental  analysis  of 
surfaces.32*33,34  Thus  we  are  concerned  primarily  with  spectral  line  shape  or 
protile  in  the  N(E)  mode,  not  the  absolute  intensity,  nor  even  the  absolute  energy, 
although  the  iatter  is  often  considered  as  part  of  the  line  shape. 

1  am  writing  this  review  with  two  aims  in  mind.  First,  it  is  written  for  the 
novice  or  beginner  who  wants  a  quick  primer  in  Auger  spectroscopy.  Thus  it  is 
written  from  an  intuitive  point  of  view.  The  number  of  equations  is  kept  to  a 
minimum.  Second,  in  this  review  1  hope  to  survey  the  recent  work,  say  within  the 
last  10  years,  and  offer  suggestions  where  Auger  line  shape  analysis  is  headed  in 
the  future,  both  experimentally  and  theoretically. 

in  the  section  on  the  "Fast",  the  foundations  of  Auger  line  shape  analysis 
are  described.  To  obtain  chemical  or  electronic  structure  information  from  AES 
requires  two  major  efforts;  first  one  must  extract  a  true  Auger  line  shape,  At(  E) 
(in  the  N(E)  mode  rather  than  in  the  dN(E)/dE  mode),  from  the  raw  Auger 
spectrum,  and  second,  one  must  derive  a  theoretical  framework  for  semi- 
quantitative  interpretation  of  that  line  shape.  We  summarize  current  methods  for 
extracting  the  iine  shape,  examine  basic  concepts  for  understanding  the  line 
shape,  and  summarize  a  theoretical-framework  for-extracting  electronic  structure 
from  the  iine  shape. 

In  the  section  describing  the  "Present",  we  review  a  wide  range  of  recent 
applications,  each  with.a  view  toward  understanding  and  appreciating  phenomena 
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important  for  interpreting  the  line  shape  in  that  system.  The  line  shapes  most 
heavily  studied  over  the  years  include  those  of  the  low  Z  metals  (e.g.  Be.  Li,  Na. 
Mg.  and  Al),  those  of  C  and  Si,  and  of  various  other  metals  and  their  oxides  and 
halides.  We  shall  emphasize  these  elements.  We  examine  spectra  for  gas  phase 
molecules,  adsorbed  molecules,  and  solids  (metals,  semiconductors,  and 
insulators). 

In  the  section  on  the  "Future",  we  examine  new  directions,  and  attempt  to 
encourage  work  in  areas  which  I  feel  have  promise  for  providing  interesting  and 
enlightening  new  results. 

II.  THE  PAST  -  PROVIDING  THE  FOUNDATION 
A.  Extracting  the  Line  Shape 

The  difficulty  with  obtaining  a  quantitative  Auger  line  shape  is  well  known, 
particularly  with  electron  beam  excitation.33  It  exists  because  the  relatively 
small  Auger  signal  sits  on  top  of  a  large  background,  consisting  of  the 
backscattered  (redistributed  primaries)  and  secondary  electrons  arising  from  the 
electron  beam  which  initiated  the  Auger  decay.  In  addition,  the  Auger  signal 
itself  is  distorted  due  to  the  inelastic  losses  which  the  Auger  electrons  suffer  on 
their  way  out  of  the  solid. 

1.  Removing-ths  background 

Several  techniques  exists  for  removing  the  large  background.  These  can  be 
itemized  as  follows, 
a.  Recording  the  Derivative  Signal 

The  most  common  technique  in  practice,  especially  in  the  early  years  of 
using  AES  for  surface-analysis,  is  to  record  the  derivative.  dN(E)/dE  N*(E). 
spectrum.  Since  the  background  is  normally  slowly  varying  with  energy  relative  to 
the  Auger  signal.  N'(E')  suppresses  the  background  and  emphasizes  the  Auger 
signal.  Although  N'(E)  is  very  useful  for  spectral  "finger  printing"  as  discussed 
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above,  a  quantitative  removal  of  the  background  from  N’(E)  is  difficult.  It  is 
generally  more  problematic  to  quantitatively  remove  the  background  from  N'(E) 
than  from  N(E).^amext 
h.  Numerical  Removal  from  N(E) 

The  most  helpful  technique  for  removal  of  the  background  from  N(E)  is  to 
utilize  some  analytical  expression  to  approximate  the  background  function,  and 
numerically  remove  the  background  by  fitting  this  expression  to  the  upper  and 
iower  energy  wings  of  the  Auger  signal. ^amext  At  energies  above  200  eV.  often  a 
simple  linear  background  is  sufficient.  Below  200  eV,  the  Sickafus  function. 

A  !!(E+s»)'m  has  been  found  to  be  a  reasonably  good  approximation  to  the 
secondary  spectral  distribution,  where  cp  is  the  work  function  of  the  sample 
material.36  Recently,  some  theoretical  justification  for  this  power  law  behavior 
has  been  obtained.37  The  coefficient,  A,  appears  to  be  related  to  the  number 
density  of  valence  band  electrons.  The  exponent,  m,  is  seen  to  depend  upon  the 
balance  between  the  elastic  scattering  strength  and  the  energy  dependence  of  the 
inelastic  mean  free  path.  The  exponent  m  is  found  to  be  around  0.8  -  1.0  for  a 
iarge  number  of  metallic  elements,  with  only  a  slight  dependence  on  Auger  peak 
energy.'58  Ramaker  et  al.have  previously  used  a  variation  of  the  Sickafus 
function  for  the  secondaries,  and  a  Bethe  function  for  the  redistributed 
primaries. ^amext 

Figure  I  illustrates  the  extraction  of  the  S  L23VV  line  shape  from  a 
powdered  sample  of  U2SO4  pressed  onto  an  In  substrate.  This  case  truly  tests  the 
capability  to  extract  the  line  shape  because  the  Auger  electrons  around  100-150 
eV  lie  in  the  region  where  the  redistributed-primary  and  secondarv  electrons 
contribute  about  equally  to  the  background.  To  account  for  this,  the  analytical 
expression 


B(E)  =  A  E/ [ ( E  +  E0 ) ( E  +  c£> )m ]  +  B  ln(Eth)/Ethn  +  C. 


(1=) 
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was  utilized  where  Eth  =  (Ep-E)/Ep.  The  terms  primary  and  secondary  refer  to 
the  source  of  the  electron  (i.e.  primaries  originate  from  the  initial  excitation 
beam,  secondaries  originate  from  the  solid).  Of  course  the  indistinguishability  of 
the  electrons  precludes  this  distinction;  nevertheless,  this  terminology  is  often 
used  in  the  literature. 

The  first  term  in  eq.  1.  the  secondary  contribution,  is  essentially  the 
Sickafus  expression  (E  +  go)‘m  multiplied  by  an  escape  factor  E/(E  +  E0).  where  cp 
and  E0  are  the  work  function  and  the  escape  probability  parameter  respectively 
(here  Eos»0.35).  In  the  second  term,  the  redistributed  primary  function.  Epund 
Efo  are  the  primary  electron  beam  energy  and  the  binding  energy  of  the  largest 
ioss  contribution  just  above  the  Auger  energy.  The  exponents  m  and  n  are 
nonlinear  .parameters  found  to  range  experimentally  from  1. 5-3.0  and  0.8-1. 5 
respectively  (their  theoretical  values  are  1.5-2  and  2  respectively^amext).  The 
linear  coefficients  A.  B.  C  are  obtained  from  a  least  squares  fit  of  eq.  1  to  the  high 
energy  wing  of  the  N(E)  spectrum  and  some  estimate  of  the  low  energy  wing  as 
pictured  in  Fig.  la.  The  actual  low  energy  wing  can  not  be  used  since  as  Fig.  lb 
shows,  the  distorted  (experimental)  Auger  line  shape  tails  off  slowly  to  lower 
energy. 

£.  Experimental  Techniques 

Conventional  electron-excited  AES  not  only  creates  a  large  background  of 
backscattered  and  secondary  electrons,  the  intense  primary  beam  can  cause 
sample  damage,  sample  charging  problems  in  insulators,  and  desorption  of 
adsorbed  layers.  X-ray  induced  AES  (XAES)  has  become  far  more  popular  in 
recent  years,  because  it  utilizes  much  lower  beam  fluxes  reducing  sample  charging 
and  damage,  and  the  magnitude  of  the  background  signal .  f u9<3le 

Two  hew  experimental  approaches  almost  completely  eliminate  the 


Ramaker  9 


background.  In  one  method,  low  energy  positrons  are  used  to  remove  core 
electrons  by  matter-antimatter  annihilation,  which  then  allows  the  core  excitation 
to  reiax  via  the  Auger  process.39  Positron  induced  AES  (PAES)  essentially 
removes  all  problems  with  background  removal,  since  the  low  energy  ( <  .10  eV) 
positrons  do  not  produce  any  secondary  electrons  above  10  eV.  The  second 
method,  the  technique  of  Auger  photoelectron  coincidence  spectroscopy 
(APECS)  utilizes  the  simultaneous  detection  of  a  core  photoelectron  and  an 
associated  Auger  electron  to  eliminate  the  background.  The  background  is 
eliminated  because  only  those  electrons  originating  from  the  same  excitation 
event  are  counted  in  the  spectrum.  Although  originally  proposed  over  10  years 
ago  by  Haak  et  ai.  40.  the  increasing  availability  of  synchrotron  sources  makes  this 
technique  much  more  feasible  today.4-1,42  Since  the  latter  two  techniques  will  be 
more  important  in  the  future,  these  two  techniques  will  be  discussed  further  in  the 
section  on  new  directions.  Sec.  IV.B. 

2.  Removal  of  Distortion  due  to  Energy  Loss 

Removal  of  the  distortion  effects  due  to  electron  energy  loss  of  the  Auger 
electrons  as  they  escape  from  the  solid  is  accomplished  by  deconvolution  with  a 
backscattered  spectrum,  L(E),  with  primary  energy  at  or  near  the  principal  Auger 
energy  as  shown  in  Fig.  l  b.4 3  Mathematically  this  can  be  written 

A(E)  =  J~At(e)L(E-e)de.  (2) 

where  A  and  Atare  the  "experimental"  and  "true"  Auger  line  shapes.  In  practice 
At(  E)  is  obtained  by  an  iterative  deconvolution  procedure  due  to  Van  Cittert44. 
modifications  of  this  approach.45  or  by  some  filtered  Fourier  transform 
approach46.47.  The  deconvolution  also  removes  experimental  resoiution  effects 
of  the  analyzer  since  the  elastic  peak  of  L(E)  has  been  broadened  by  this  same 
amount.  The  relative  intensities  of  the  loss  and  elastic  contributions  to  L(E)  must 
be  weighted  differently  to  account  for  the  different  geometrical  relationships  of 
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the  Auger  and  backscattered  electrons;  i.e.  the  internally  created  Auger  electrons 
traverse  the  solid  escape  region  once,  the  backscattered  electrons  twice.  In 
practice  this  is  accomplished  Madden  by  weighting  the  loss  contributions  such 
that  A(E)  has  zero  intensity  at  the  low  energy  wing  of  the  spectrum  as  shown  in 
Fig.  1c.  Several  papers  on  background  and  inelastic  loss  removal  have  been 
published  recently .cont^n^ • 48,49 •  50.51 

The  extraction  of  the  Auger  line  shape  from  the  experimental  data  is 
unfortunately  not  a  straightforward  and  simple  procedure.  Often  greater 
differences  exist  between  A(E)  obtained  by  different  authors,  than  existed 
between  the  original  N’(E)  or  N(E)  data,  indicating  that  different  choices  for  the 
background  or  deconvolution  procedure  introduce  the  wide  variations,  rather 
than  the  recording  of  the  experimental  data  or  preparation  of  the  sample. Ramext 
Fig.  ic  shows  two  final  results  obtained  from  two  different  background  estimates 
and  gives  some  estimate  of  the  uncertainties  involved.  We  cannot  overemphasize 
the  importance  of  recording  the  Auger  spectrum  over  a  sufficiently  wide  energy 
range  and  then  forcing  the  low  energy  wing  of  A(  E)  to  be  zero  and  flat  over  a  20  to 
50  eV  energy  range,  such  as  in  Fig.  lc.  Although  this  is  not  always  trivial  to 
accomplish,  it  can  be  obtained  by  taking  several  iterations  on  the  background 
estimate.  This  is  the  only  way  of  assuring  that  one  is  obtaining  a  reasonable  result 
forA(E).Ramext 
B.  Basic  Concepts 
1.  The  Basic  Energy  Expression 

Before  providing  a  general  theoretical  framework  for  quantitatively 
interpreting  Auger  line  shapes,  we  discuss  some  basic  concepts. 

The  Auger  electron  has  a  kinetic  energy.  E|.yy.  equai  to  the  difference 
between  the  initial  core  hole  state.  Ec.  and  the  final  two-hole  state.  Ey  +  Ey'  + 

Uyy%  thllS.52 
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Ekvv  =  Ec  -  Ev  -  Ey'  -  Uvv\  (3) 

In  eq.  3.  the  E\s  are  the  corresponding  binding  energies  relative  to  the  Fermi  or 
vacuum  level.  [It  makes  no  difference  as  long  as  all  binding  energies  and  the 
kinetic  energy  is  defined  relative  to  the  same  reference.  Often  Ekvv  is  measured 
relative  to  the  vacuum  level  of  the  spectrometer  and  the  E's  relative  to  the  Fermi 
levei.  in  which  case  the  work  function  of  the  spectrometer,  cp  «  5  eV,  must  be 
subtracted  from  the  right  hand  side  of  eq.  3.  Unfortunately,  in  the  literature  it  is 
often  not  made  clear  what  the  reference  is  for  E^yy.]  Uyy  is  the  hole-hole 
repulsion  energy  between  the  final-state  holes.  Uvv  can  also  be  referred  to  as  the 
difference  between  the  first  and  second  ionization  potentials. 

2.  The  Nature  of  the  DOS  Sampled 

A  basic  concept  in  AES  concerns  the  nature  of  the  density  of  states 
(DOS)  reflected  in  the  line  shape  and  the  localization  of  the  final  state  holes.  Fig. 
2  helps  illustrate  some  of  these  concepts  for  several  gas  phase  hydrocarbons.53 
The  sensitivity  of  AES  to  local  hybridization  (sp-*.  sp^,  sp)  is  clearly  demonstrated 
by  the  CH4,  C2H4,  and  C2H2  line  shapes.  Recently  a  very  simple  4-level  modei 
was  used  to  qualitatively  show  that  the  changes  reflect  the  different  energy 
splitting  of  the  2p  orbitals  (i.e.  the  2p  orbitals  split  into  1, 3,  or  2  different  2p 
energy  levels,  respectively)  under  the  different  local  symmetries  or 
hybridizations.54  The  insensitivity  to  substituent  effects  is  demonstrated  by  the 
CH4.  CH3OH.  and  (CH3)20  (all  sp^)  line  shapes.  The  normal  alkanes  show  a 
broadened  sp^  line  shape.  The  cyclic  alkanes  show  a  progression  from  the  sp^  to 
the  sp-^  line  shape  as  the  bond  angle  strain  decreases.  These  trends  indicate  that 
AES  samples  a  site  specific  DOS.  i.e.  the  DOS  specific  to  that  atom  with  the  initial 
core  hole. 
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Fig.  2  also  shows  that  the  principal  peak  energy  for  the  alkanes  is 
unchanged  in  spite  of  the  increasing  size  of  the  molecules.  This  suggests  that  the 
final-state  holes  are  not  completely  delocalized  about  the  molecule  in  these 
systems,  otherwise  Uw-  should  decrease  as  the  molecule  size  increases  and 
increase  the  kinetic  energy. Ryealk  However,  if  the  holes  were  completely 
localized  on  the  methyl  group  having  the  initial  core  hole,  we  would  expect  the 
line  shapes  to  be  essentially  the  same  for  all  alkanes,  which  clearly  is  not  the  case 
either  (e.g.  the  CH4  and  C3Hg  line  shapes  are  very  different  in  Fig.  2).  The  holes 
are  apparently  delocalized  over  just  a  few  methyl  groups,  hence  the  similarity  in 
the  CnH2n  +  2  line  shapes  for  n  ss:  3  (see  Sec.  HI.C  below). 

A  self -fold  of  the  appropriate  one-eiectron  density  of  states  (DOS).  /o(E). 

E)  =  X  p(E-e  )p( «  )  de.  (4) 

is  known  to  represent  a  first  approximation  to  the  line  shape.55  Hence,  almost  ail 
line  shape  analyses  start  with  a  determination  of  the  one-electron  DOS.  Very 
often  an  empirical  procedure  is  used  to  obtain  the  DOS.  Photoelectron 
spectroscopy  (x-ray  or  ultraviolet.  XPS  or  UPS)  is  often  used  independently. 
Others  use  a  combination  of  x-ray  emission  ( XES)  and  XPS.  along  with  theoretical 
calculations.56  Fig.  3  illustrates  a  procedure  for  obtaining  the  DOS  for 
cyclohexane.  The  dipole  selection  rule  in  the  Kq,  x-ray  emission  process  means 
that  the  XES  spectrum57  reflects  the  p  DOS.  The  Final  State  Rule  (to  be 
discussed  later)  also  indicates  that  XES  reflects  the  DOS  in  the  final  state  (i.e.  in 
the  absence  of  the  core  hole)  and  not  those  of  the  initial  state  (i.e..  in  the  presence 
of  a  core  hole).58  The  Mg  Ka  XPS  spectrum59  in  Fig.  3  reflects  primarily 
the  s  DOS  with  a  small  component  of  the  p  DOS  (actually  s  +  {1/  L4}.p).60  This 
small  p  component  can  easily  be  removed  from  the  XPS  spectrum  to  obtain  the  s 
DOS.  The  XES  and  XPS  spectra  are  normalized  to  give  the  well-known  sp^ 
electron  configuration  for  ail  alkanes. 
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Many  of  the  molecular  orbitals  (MO’s)  in  the  alkanes  have  primarily  either 
carbon-carbon  (C-C)  or  carbon-hydrogen  (C-H)  bonding  character.61  In  the 
Auger  spectrum,  it  has  been  shown  previously  62  that  final  states  involving  these 
different  iMO's  have  different  hole-hole  repulsions.  Therefore,  the  p  DOS  must 
be  separated  into  the  p^  and  p^pj  components.  This  can  be  accomplished  by 
identifying  each  MO  as  having  either  G-C  and  C-H  character  upon  examining  the 
orbitai  structure  as  reported  by  Jorgensen  and  Salem.^em  Four  such  structures 
are  shown  in  Fig.  3a.  showing  for  example  that  the  2a pg  MO  has  primarily  s 
character,  the  2eg  has  some  s  and  p^pj  character,  and  the  3eg  and  la2g  MO's  have 
PCPi  and  pcc  characters,  respectively.  Using  the  appropriate  identification  for 
each  MO.  the  relative  intensities  obtained  from  a  GAUSSIAN  82  calculation63 
shown  in  Fig.  3.  and  the  widths  from  the  semi-empirical  DOS,  the  s.  pco  un<^  PCH 
components  can  be  obtained. 

3.  The  Importance  of  Widths 

Several  arguments  can  be  given  for  utilizing  semi-empirically  derived  DOS. 
even  for  simple  molecules. Ramhydc  First,  most  one-electron  theoretical 
calculations  do  not  include  electron  correlation  effects  and  therefore  do  not  give 
sufficiently  accurate  binding  energies.  Second,  the  semi-empirical  DOS  include 
approximate  widths  for  each  orbital  feature.  Assuming  the  XES  and  XPS  spectra 
utilized  to  obtain  the  DOS  were  measured  at  sufficiently  high  resolution,  these 
widths  primarily  reflect  broadening  due  to  the  vibrational  state  manifold  of  the 
final  state  which  project  onto  the  core  initial  state  in  XES,  or  the  ground  state  in 
PES.  The  DOS  self -fold,  p  *p(E)  then  has  twice  the  vibrational  broadening 
consistent  with  the  Auger  two-hole  final  state. 

Fig.  4  illustrates  why  the  vibrational  widths  in  the  Auger  profile  are 
expected  to  be  larger  than  for  photoemissiom64  Since  the  equilibrium  bond 
length  shift ,  (  O2-O  j  .  is  expected  to  be  larger  than  |  Oj-O  |  .  as  shown  in  Fig. 
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4,  the  energy  widths  are  expected  to  be  larger  because  of  the  steeper  two-hole 
potential  curve  near  the  Franck-Condon  region.  However.  Matthew  has 
determined  that  if  the  core  lifetime  is  much  less  than  a  vibrational  period,  and  if 
the  electron-phonon  coupling  and  linear  dielectric  response  are  linear,  then  the 
widths  for  photoemission  and  Auger  processes  are  comparable  for  the  case  of 
localized  holes  in  ionic  crystals. Matthew  Qn  the  0ther  hand,  for  rare  gases 
physisorbed  on  metai  surfaces,  the  Auger  width  (FWHM)  will  be  about  3  times 
greater  than  the  PES  width.  Other  accurate  calculations  for  the  O2  molecule 
indicate  that  the  Auger  width  is  about  a  factor  of  2  greater  than  the  PES  width 
(i.e.  that  a  PES  self-fold  is  a  reasonable  approximation  to  the  Auger  widths).65 
Thus  the  self-fold  of  PES  or  XES  data  may  not  accurately  reproduce  the  Auger 
widths,  but  it  appears  to  be  a  good  first  approximation  to  them,  at  least  for 
moiecules  when  vibrational  broadening  dominates. 

Cini  and  Andrea  have  determined  that  in  highly  electron  correlated  solids, 
the  broadening  is  dominated  by  two-hoie  resonant  hopping,  and  that  phonon 
broadening  is  very  small  in  this  case.66  In  general  it  appears  that  core-hole 
lifetime  broadening  is  not  important.  However,  there  are  speciai  cases  where  the 
core  lifetime  can  be  so  short  that  not  only  does  it  introduce  broadening  consistent 
with  the  Heisenberg  uncertainty  principle,  bursevere  distortions  to  the  line 
shape.  In  these  rare  cases  the  Auger  process  cannot  be  considered  as  an  isolated 


event  occurring  after  the  core-hole  excitation,  but  must  be  considered  in  tandem 


with  the  initial  excitation.67  These  effects  often  appear  as  plasma  gain  satellites 


resulting  from  incomplete  relaxation  of  the  core-hole  prior  to  the  Auger 
decay.68’69  If  the  coupling.betweemthe  piasmoniield  and  the  valence  atomic 


orbital  is  large  compared  to  the  level  width,  severe  distortions  may  also  occur  as  a 
result  of  plasmon  interaction  in  the  final  state.70 
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It  is  important  to  include  the  vibrational  widths  of  the  various  orbital  states 
for  a  quantitative  interpretation  of  experimental  spectra,  at  least  for  molecules. 
Often  sophisticated  techniques  are  utilized  to  obtain  the  one-electron  DOS. 
without  considering  the  vibrational  widths.  After  calculating  the  energies  and 
intensities  by  theory,  a  bar  diagram  (i.e.  zero  widths)  is  then  compared  with  the 
experimental  data.  Sometimes  a  constant  broadening  of  all  lines  is  utilized. 

Using  these  procedures,  the  presence  of  satellites  sometimes  has  not  even  been 
recognized,  particularly  when  the  normal  kvv  line  shape  accounts  for  all  of  the 
major  features. 

Fig.  5  gives  an  example  of  this  problem  for  ethane.  The  bars  indicate  the 
intensities  and  energies  obtained  from  a  Hartree-Fock,  self-consistent-field, 
configuration  interaction  (HF-SCF-CI)  calculation.  Clearly  most  of  the  features 
in  the  experimental  spectrum  appear  to  have  a  bar  under  them,  suggesting  that  the 
kv\  line  shape  can  account  for  the  entire  experimental  spectrum.  The  curve 
labelled  "THY"  was  obtained  by  broadening  each  bar  with  a  Gaussian  of  constant 
width,  chosen  to  provide  optimal  agreement  with  the  experimental  curve  (this  is 
not  a  good  approximation  because  in  general  the  s  features  are  much  broader  than 
the  p  features:  e.g.  see  Fig.  3).  Again,  it  appears  that  the  kvv  line  shape  can 
account  for  the  entire  experimental  spectrum;  however,  now  some  of  the  features 
in  the  THY  curve  appear  to  have  been  "broadened  out"  (e.g.  the  features  at  258 
and  244  eV  no  longer  appear).  In  Sec.  1II.C  below  (Fig.  18),  the  feature  at  258  is 
identified  as  arising  from  a  satellite  process.  The  feature  at  244  eV  apparently 
arises  from  the  main  kvv  line  shape,  but  it  is  broadened  out  of  the  theory  because 
the  "optimal"  width  is  now  too  large.  This  occurs-because  of  the  attempt  to  account 
for  the  entire  spectrum  by  including  just  the  kw  component,  when  in  actuality 
large  satellite  components  are  also  present  (see  Sec.  Ill.C). 
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±.  The  Importance  of  Satellites 

The  presence  of  satellite  contributions  in  the  Auger  spectra  of  molecules 
and  free  atoms  has  been  known  for  some  time,  but  their  importance  has  been 
recognized  only  relatively  recently.71,72,73*74,75’^*101^0  To  illustrate  the 
importance  of  such  satellites,  consider  Fig.  6,  which  compares  the  DOS  self-folds 
with  the  experimental  Auger  line  shapes.  The  Auger  line  shapes  in  Fig.  6  for  the 
gas  phase  hydrocarbons  are  the  raw  data^yea^:  those  for  the  solids  are  obtained 
from  the  data76*77,^11^  after  background  subtraction  and  deconvolution 
utilizing  the  procedures  described  above  (i.e.  via  numerical  background  removal 
from  N(E)).  Fig.  6  reveals  several  important  points.  First,  note  that  the 
experimental  line  shape  for  the  gas  phase  molecules  is  shifted  by  about  6- 10  eV  to 
higher  two-electron  binding  energy  (or  lower  Auger  kinetic  energy).  The  binding 
energy  scale  is  determined  by  subtracting  the  Auger  kinetic  energy  from  the  C  K 
binding  energy  [i.e.  Ej,  =  -(Ec  -  Ej.vv)|.  This  shift  of  the  experimental  line  shape 
to  higher  binding  energy  is  due  to  final  state  hole-hole  repulsion,  since  the  two 
holes  cannot  completely  delocalize.  No  shift  is  seen  for  the  solids,  since  in  this 
case  the  holes  can  completely  delocalize.  However,  hoie-hoie  correlation  effects 
are  seen  in  all  of  the  experimental  line  shapes,  as  indicated  by  the  clear 
distortions  from  the  one^electron  self-fold. 

The  second  interesting  point  concerns  the  onset  or  threshold  of  the  spectra. 
Although  the  principal  peaks  of  the  gas  phase  experimental  spectra  are  shifted  to 
higher  binding  energy,  the  onsets  of  both  the  experimental  line  shape  and  the 
DOS  self-fold  for  each  case  are  essentially  the  same.  This  suggests  that  each  of 
the  spectra  has  at  leastsome  contribution  which  arises  from  a  process  producing  a 
final  state  with  a  much  smaller  hoie-hole  repulsion.  Furthermore,  note  that  each 
experimental  spectrum  extends  to  much  higher  binding  energy  than  does  the  DOS 
self-fold,  indicating  a  process  producing  a  final  state  with  a  higher  hole-hole 
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repulsion.  It  has  been  shown  that  the  processes  producing  these  satellite 
contributions  are  resonant  excitation,  initial-state  shakoff,  and  final-state 
shakeoff.RamhVdc 

These  satellites  have  been  referred  to  as  the  ke-vve,  ke-v,  kv-vvv  and  k-vvv 
satellites,  where  the  notation  indicates  the  particles  in  the  initial  and  final  states 
before  and  after  the  hyphen. ramhvdc  Here,  the  "k"  refers  to  the  initial  Is  core 
hoie.  the  "e"  to  the  resonantly  excited  bound  electron,  and  v  to  a  valence  hole 
created  either  by  the  "shakeoff'  process  or  by  the  Auger  decay.  The  principal 
Auger  process  is  indicated  without  the  hyphen  (kvv  rather  than  k-vv)  consistent 
witn  that  used  historically.  We  use  kw  to  indicate  this  principal  or  normal  Auger 
contribution  to  differentiate  it  from  the  total  KVV  experimental  line  shape. 

In  light  of  the  above,  the  line  shape  apparently  consists  of  the  sum  of 
several  intensities.  I:  namely. 


N(E)  -  C|  Ij.yV(E)  +  C2  Ike-vve^k)  +  cj  Ifce-v^) 

+  C4  I kvvvv^)  +  c5  ^k-vvv  (E).  (5) 

The  coefficients  in  eq.  (5)  are  generally  obtained  by  least  squares  fit  to  the 
experimental  spectra.Cinisih4.ramhydc 

The  process  creating  each  component  in  eq.  5  is  illustrated  in  Fig.  7.  Here 
the  ke-we  term  refers  to  the  resonant  Auger  satellite.  It  arises  when  Auger  decay 
occurs  in  the  presence  of  a  localized  electron,  which  was  created  by  resonant 
excitation  into  an  excitonic  or  bound  state  upon  creation  of  the  core  hole.  The  ke- 
v  contribution. arises.when  the  resonantly  excited  electron  participates  ^  the 
Auger  decay.  The  kv-vvv  term  is  the  initial-state  shake  Auger  term  arising  when 
Auger  decay  occurs  in  the  presence  of  a  localized  valence  hole,  which  was  created 
via  the  shakeoff  process  during  the  initial  ionization.  The  shakeoff  of  a  valence 
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electron  is  an  intrinsic  phenomena  resulting  from  the  "sudden"  change  of  the  core 
hole  potential  upon  ionization.  The  k-vvv  term  denotes  the  final  state  shake 
Auger  satellite,  which  arises  when  Auger  decay  occurs  simultaneously  with 
shakeoff  of  a  valence  hole.  These  latter  two  terms  arise  as  a  direct  result  of  core 
hole  screening.  The  ke-we  and  ke-v  terms  arise  because  the  Auger  process  is 
generally  excited  by  electron  excitation  which  allows  the  resonant  excitation, 
i.  The  Importance  of  Correlation 

Another  very  important  result  is  evident  from  Fig.  6.  The  chemical  effects 
seen  in  the  various  experimental  C  KVV  line  shapes  in  Fig.  6  do  not  arise  from 
one-electron  effects,  but  rather  from  many-bodv  correlation  effects.  This  is 
apparent  because  the  DOS  self -folds  are  very  similar  to  each  other,  in  contrast  to 
the  experimental  line  shapes  which  reveal  significant  differences.  Thus  the 
differences  seen  between  graphite  and  diamond  result  because  diamond  has  just 
the  cr  orbitals  with  a  single  zxU,  graphite  has  both  cr  and  rr  orbitals  with  different 
z^U's  for  the  crcr.  o-tt.  and  tttt  holes.  On  the  other  hand,  we  will  see  below  that 
hole-hole  correlation  and  repulsion  effects  are  much  diminished  for  chemisorbed 
systems  because  of  metallic  screening  from  the  substrate.  In  the  chemisorbed 
case,  and  only  in  this  case,  the  C  KVV  Auger  line  shape  reflects  the  DOS  seif-fold 
without  significant  distortion.  For  the  line  shapes  in  Fig.  2,  the  DOS  self-folds  are 
simply  shifted  by  U.  the  hole-hole  repulsion.  In  this  case,  the  molecular  species 
are  so  small  that  correlation  effects  primarily  just  shift  the  line  shape  to  higher 
two  hole  bonding  energy,  but  do  not  dramatically  distort  the  line  shape  (i.e.  the 
correlation  effects  are  primarily  reflected  through  6  not  zs.U  in  eq.  b  below). 

C.  Theoretical  Framework 
1.  The  Principal  kvv  Line  Shape 
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A  theoretical  prescription  for  generating  the  kw  term  can  generally  be 
expressed  by  the  equation, Ramhydc 

ikvv(E)  =  B  sir [pkir  Ri Rr  a(e+5aa,'aUaa’^i>a>i,)|.  (6) 

Some  published  work  does  not  include  all  of  the  effects  indicated  in  eq.  6.  but 
most  interpretations  can  be  expressed  in  the  general  form  indicated  here.  In  eq. 

0.  the  function  A  is  the  Cini-Sawatzky  function,78’79 

A(E.  zxU.  p ,  p')=  _ e  _  (7) 

[l-^li  1(E)]2  +[zxU  tc  p  *p\ E)]2 

wnich  introduces  hole-hole  correlation  effects,  and  distorts  the  DOS  self-fold. 
al  is  the  effective  hole-hole  correlation  parameter  and  1(E)  is  the  Hilbert 
transform. 

1(E)  =  S  p(E-«  )p(  e  )/(E-e  )  de  .  (ft  ) 

The  Cini  function,  which  distorts  the  DOS  self -fold  for  treatment  of  Auger  line 
shapes  in  solids  will  be  discussed  more  fully  below  (Secs.  II. C3  and  IV. E4).  In 
eq.(0)  we  have  included  additional  arguments  in  A  to  make  explicit  the  point  that 
the  total  theoretical  kw  line  shape  is  a  sum  of  components,  with  each  IT 
component  (e.g.  the  ss.  sp.  and  pp  components  or  more  appropriately  each 
muLtipIet  2s  +  1 L )  having.an  energy  shift.  8  x\  "  and.a  hole-hole  correlation 
parameter,  zxli  A  A\  and  with  each  component  derived  from  afoid  of  the  p  |  anti 
p  j-  DOS  (e.g.  s  or  p)  such  as  that  defined  in  Fig.  3  for  cyclohexane.  B  is  a 
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normalization  constant  and  the  Rj’s  and  P^p's  are  core  hole  screening  factors  and 
atomic  Auger  matrix  elements,  respectively,  to  be  defined  below. 

The  subscripts  A  A'  in  eq.  (6)  oiiAli  and  s  are  to  make  explicit  that  these 
parameters  vary  with  the  nature  of  the  orbital  combination  or  the  different 
multiplets.  In  general,  these  parameters  are  chosen  to  give  optimal  agreement 
with  experiment. Ramhydc.80,81,82  Alternatively,  only  the  ax.U  in  the  dominant 
multiplet  is  chosen  to  give  the  best  fit,  with  the  zxU's  in  the  remaining  multiplets 
fixed  by  the  relevant  Slater  integrals,  etc.  (see  further  discussion  below  in  Sec. 
11I.A).  It  should  be  pointed  out  that  in  the  extended  solids,  the  S ’s  are  by 
definition  zero,  since  the  delocalized  holes  have  zero  hole-hole  repulsion.  In 
general  from  1  to  3  zx.U  parameters  have  been  used  depending  on  the  material 
studied  and  the  investigator  reporting  the  work.  In  the  event  the  6~  's  and  aU's 
are  all  zero,  the  A  function  reduces  to  the  self-fold  of  the  DOS.  p  *p  weighted  by 
the  appropriate  Auger  matrix  elements. 

The  factors  Rj  included  in  eq.  (5)  are  to  make  the  theory  consistent  with  the 
final  state  rule  for  Auger  line  shapes.83  The  final  state  rule  indicates  that  1 )  the 
shape  of  the  individual  11*  contributions  should  reflect  the  DOS  in  the  final  state, 
and  2)  the  intensity  of  each  IT  contribution  should  reflect  the  electron 
configuration  of  the  initial  state.  For  the  kvv  line  shape,  the  final  state  has  no 
core  hole.  In  general  it  is  assumed  that  the  DOS  in  the  final  state  and  ground 
state  are  similar,  so  that  the  spectral  shape  of  p  j  should  reflect  the  ground  DOS. 
However,  the  initial  state  in  the  kvv  process  has  a  core  hole,  therefore  the 
integrated  p  j  should  reflect  the  electron  configuration  of  the  initial  core  hole 
(OHS)  state.  The  R [  factors  are  defined, 


(9) 


R|  =  S  p  CHS.l^ e  e  /  J~  p  l(-«)d«. 
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In  most  systems,  the  R[  factors  are  similar  so  that  they  are  generally 
ignored.  Effectively  this  ignores  the  "static"  effects  of  core  hole  screening.  The 
satellites  arising  from  shakeoff  are  "dynamic"  core  hole  screening  effects  which 
can  be  included  separately.  The  latter  will  be  discussed  further  in  Sec.  II1.B.  The 
Rj  factors  are  important  only  when  one  orbital  momentum  component  dominates 
the  screening.  This  apparently  occurs  in  many  metals  such  as  in  Li  and  Be.  and  in 
the  L23VV  line  shapes  for  Na.  Mg.  Al,  and  Si  (see  Sec.  1I1.B),  where  the  core-hole 
screening  is  dominated  by  the  valence  s  electrons  as  opposed  to  the  p  electrons. 
However,  considerable  disagreement  exists  as  to  the  dominant  screening  charge  in 
some  systems.  For  example,  Jennison  et  al.84  on  the  basis  of  a  semiempirical 
theory  argue  that  the  core-hole  screening  involves  mainly  the  s  electrons  in  Be, 
while  recent  calculations  by  Almbladh  and  Morales85  argue  that  the  p  electrons 
dominate.  Recent  results  aitnbladh  also  indicate  that  the  total  Auger  rates 
calculated  from  wave  functions  perturbed  by  a  static  core  hole  are  a  factor  of  2-4 
larger  than  those  calculated  from  ground  state  orbitals.  Thus  static  core  hole 
screening  is  important  for  ail  Auger  processes,  but  it  is  known  to  significantly 
aiter  the  Auger  profile  just  for  certain  systems.  An  analysis  of  the  profile  can  shed 
some  light  on  the  nature  of  the  core  hole  screening  process. 

>.  Atomic  Auger  Matrix  Elements 

The  atomic  Auger  matrix  elements  have  been  calculated  for  much  of  the 
periodic  table  within  a  one-electron  Hartree-Fock-Slater  approximation  by 
McGuire86  and  Waiters  and  Bhalla87,  or  in  a  Dirac-Hartree-Slater 
approximation. by  Chen.and  Crasemann88  *89.  A.complete  review  of  calculated 
Auger  transition  probabilities  has  been  published.90  Recently  the  problem  of 
obtaining  the  proper  continuum  orbital  has  been  considered.91 
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McGuire's  and  Walters  and  Bhalla  results  for  L23VV  transitions  at  low 
atomic  number  are  compared  with  experimental  data  in  Fig.  8.  The  matrix 
element  per  filled  shell,  Ac|j»  (i.e.  for  s^.  p*\  d1^,  etc.)  is  plotted.  Ac|p  is  defined 
by  the  expressions,92 

AcU  =  f(41  +  2)(41  +  i)|/[(4l  +  2-n)(4l+  l-n)]  (Ac.n)act.  (10) 

Acir  =  [(41  +  2)J/[(41  +  2-n)]  (Ac|i’)act>  (W), 

where  n  is  the  number  of  holes  in  the  initial  I  shell  and  (Acjj-)act  is  the  actual 
Auger  matrix  element  or  experimental  intensity.  Note  that  it  is  assumed  the  1’ 
shell  in  eq.  10  is  filled.  Since  generally  one  is  only  interested  in  the  relative  Acj)* 
intensities,  they  have  been  normalized  such  that  ACpp  is  100  for  all  Z.  The  matrix 
element  per  electron.  Pcn*.  required  in  eq.  6.  can  be  obtained  from  Acjj-  by  the 
simple  relationship 

Pell*  =  1/[(41  +  2)(4T  +  2)]  Acir.  (11) 

Similar  results  for  the  KVV  transition  with  Z  =  6-18  and  for  the  KLjV  and 
KL23V  transitions  with  Z  =  10-80  have  been  plotted  elsewhere.93-94.  In  both  the 
KVV  and  L23VV  data,  the  theoretical  results  of  McGuire,  and  Walters  and  Bhaila 
have  been  scaled  to  the  experimental  results  of  the  inert  gases.  Scale  factors 
( ranging  from  0.59  to.  2.0o)  significantly  different  from  one  were  required.  These 
scale  factors  reflect  the  magnitude  of  the  errors  in  the  one-electron  results. 
Electron  correlation  effects  at  the  atomic  level  are  clearly  very  important  in  th  : 
two  valence  hole  final  states  (i.e.  VV).  The  Cl  calculations  of  Chen  and 
Crasemann95for  the  KLL  transitions96  and  for  the  LMM  transitions97’98  in  Fig. 
8  include  electron  correlation,  and  their  unsealed  results  agree  much  better  with 
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experiment.  As  one  would  expect,  the  KL23V  and  KL^V  one-electron  results  (not 
shown  here)  agree  nicely  with  experiment,  indicating  the  insignificance  of 
correlation  effects  in  these  core-valence  final  states  (i.e.  CV).ramsi 

The  atomic  matrix  element  data  reveal  three  very  important  points.  ( 1 )  the 
variation  of  the  relative  Auger  matrix  elements  with  atomic  number  is  rather 
smail.  (2)  The  variation  that  does  exist  is  predicted  remarkably  well  by  scaled  one- 
electron  results,  indicating  that  the  large  correlation  error  is  rather  constant  with 
Z.  (3)  No  systematic  differences  between  atomic  gas  phase,  molecular  phase,  and 
solid  phase  experimental  data  exist.  This  is  true  even  for  the  dd.  pd.  and  pp  matrix 
elements  of  the  transition  metals,  where  electron  screening  in  the  solid  is 
expected  to  cause  significant  changes. 

Vayrvnen  has  suggested  that  the  relative  atomic  matrix  elements  for  solid 
Mn  are  very  different  from  those  in  the  gas  phase."  However.  Vavrynen’s  results 
are  inconclusive,  because  of  an  inadequate  background  removal  procedure  in  the 
solid  phase.  Recently  the  effects  of  the  solid  state  on  the  matrix  elements  has 
been  considered  by  Cubiotti.  but  the  effects  of  charge  transfer  due  to  core-hoie 
screening  were  included  into  the  matrix  element  factors  so  that  this  is  not  a  real 
comparison  of  matrix  elements  per  electron.100  The  results  in  Fig.  8  and  similar 
ones  like  it.  still  suggest  that  the  gas  phase  atomic  data  or  the  scaled  one-electron 
results  can  be  utilized  for  the  determination  of  Pc{p  in  the  interpretation  of  Auger 
line  shapes  for  solids,  provided  that  the  individual  multiplets  are  not  resolved.  If 
the  intensities  of  individual  muitiplets  are  required,  the  theoretical  calculations 
do  indicate  that  these  intensities  have  much  larger  variations  with  Z. 

Table  i  gives  s/p-ratios  for  the  CCV  and  si/ pp ratios  for  the  CVV  line 
shapes,  all  obtained  from  the  plots  similar  to  Fig.  8.  The  results  in  Table  1  are 
specifically  for  Si.  but  as  the  plots  in  Fig.  8  reveal,  these  ratios  are  surprisingly 
constant  with  atomic  number,  except  for  the  L1L23VV  s/p  ratio  which  varies 
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dramatically  with  Z.  Rams*  The  A’s  in  Table  l  are  rates  per  filled  shell,  i.e.  per 
two  3s  electrons  and  six  3p  electrons.  They  are  in  fact  close  to  the  ratios  of  the  ss, 
sp.  and  pp  intensities  found  experimentally  for  Ar,  which  has  filled  s  and  p  shells. 
The  P’s  are  rates  per  electron .  i.e.  per  3s  or  3px.  etc.  The  P’s  are  used  in  eq.  6 
because  the  /o(E)  DOS  have  not  been  normalized  to  unity.  The  areas  under  the 
DOS  curves  utilized  in  eq.  6  are  proportional  to  the  total  number  of  electrons  in 
the  s  and  p  shells,  i.e.  approximately  s  *p3.  Thus  for  Si,  ^csp/^cpp  “  and 

PCSs/Pcpp  =  0.025/9  (see  eq.il).  The  intensity  ratios  obtained  from  actual  line 
shape  fits  for  Si  are  also  indicated  in  Table  l.R^nisi  [n  general,  good  agreement  is 
obtained  except  for  the  L23VV  case.  This  will  be  discussed  more  fully  in  Sec. 

I1I.B. 

An  important  difference  between  molecules  or  covalent  solids  vs.  metais 
should  be  pointed  out  here.  In  the  former  case,  the  line  shape  reflects  multiplets 
(and  hence  the  matrix  elements)  appropriate  for  the  initially  filled  s  and  p  shell, 
even  if  these  shells  are  not  filled  in  the  separated  free  atom.  As  an  example, 
consider  the  C  and  Si  systems  to  be  discussed  below.  These  systems,  as  well  as 
other  covalent  systems,  reflect  the  (sp)n  +  ^  configurations  in  the  Auger  line 
shape,  where  n  is  the  initial  number  of  holes  in  the  occupied  molecular  orbitals  or 
bands  (e.g.  n  is  zero  for  diamond,  graphite,  and  silicon,  even  though  a  separated  C 
or  Si  atom  has  4  holes  in  the  outer  p  shell).  Thus  for  these  covalently  bonded 
materials,  the  appropriate  Acjj’  in  eq.  1 1  is  for  the  filled  shells  even  though  the 
separated  atoms  do  not  have  these  shells  filled.  In  contrast,  the  line  shapes  for 
the  transition  metals  apparently  exhibit  multiplets  and  hence  matrix  elements 
arising  from  the-unfilled  d  shell,  drt  +  ^.  where  n  is  indeed  the  number  of  d  holes  in 
the  separated  atom  as  suggested  in  eq.  10.  This  difference  arises  because  in 
covalent  systems  the  filled  bonding  bands  can  apparently  be  treated  as  isolated 
from  the  unfilled  bands.  In  metals,  of  course  this  is  not  the  case,  since  the  filled 
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and  unfilled  parts  of  the  band  must  be  treated  together  as  one  band.  As  we  will 
see  in  the  next  section,  this  has  to  do  with  the  relative  size  of  the  covalent 
interaction  vs.  the  hole-hole  repulsion  (i.e.  V  and  II). 

3.  Correlation  Effects  -  The  Cini-Sawatzky  Model 
a.  Localization  in  Elemental  Solids  -  Metals 

The  Cini-Sawatzky  model  has  been  the  basis  for  understanding  correlation 
effects  in  Auger  line  shapes.  In  elemental  solids,  two  parameters  determine  the 
degree  of  localization  of  the  CVV  (core-valence-valence)  two-hole  final  state.  If 
the  effective  Coulomb  repulsion  Uvv  is  large  compared  to  the  band  width  (Uvv  > 
r ).  the  line  shape  will  be  atomic-like,  if  r  <  Uvv  the  line  shape  will  be  band-like. 
In  systems  where  Uvv  »  r,  both  atomic-  and  band-like  contributions  are  evident 
in  the  line  shape  (i.e.  correlation  effects  are  important).^ini’Sttwatzky 

The  results  of  Cini  and  Sawatzky  were  obtained  from  utilizing  the  Anderson 
and  Hubbard  many-body  models.  The  Cini  expression  was  derived  assuming  an 
initially  filled  single  band  so  that  it  is  not  rigorously  valid  for  partially  filled  bands 
or  degenerate  bands  (this  will  discussed  much  more  fully  in  Sec.  IV. E4 
below).*-1111  Nevertheless,  the  Cini-Sawatzky  expression,  in  the  absence  of  a 
better  alternative,  has  been  used  for  metals,  alloy",  and  insulators,  and  even 
molecules  (i.e.  systems, for  which  the  bands  are  not  filled  and  which  have 
degenerate  bands],  with  apparently  satisfactory  results. 

The  Cini-Sawatzky  results  can  be  simply  understood  by  considering  a 
cluster  AO-C1  (e.g.  configuration  interaction  [Cl]  of  atomic  orbitals  [AO] 
approach.  This  can  be  contrasted  with  the  more  familiar  LCAO-MO-CI  where 
molecular  orbitals  [MO's]  are  first  constructed  and  mixed  in  a  Cl).101  For  the 
moment  consider  a  simple  two  orbital  system  which  has  two  holes  present 
resulting  from  the  Auger  process  in  an  initially  filled  state.102  The  holes  can  be 
described  by  one-electron  atomic  orbitals  fa^  and  f^  with  binding  energy  e  (e  = 
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<fa  |  H  |  fa>  where  H  is  the  proper  Hamiltonian  operator)  giving  the 
Hamiltonian  matrix  as  follows: 


fa2 

t'b2 

1/ V2(fafb  +  fbfa) 

fa2 

2e  +Uaa 

0 

Hab 

fb2 

0 

2e  +  Haa 

Hab 

l/V2(fafb+fbfa) 

.  Hab 

Hab 

2e  +uab 

where  Uaa  =  <fa2  |  r12_i  |  fa2>,  Uab  =  <fafb  |  r12-1  |  fafb>,  and  Hab  = 

V2<fa  |  H  |  fb>  (Hab  =  X"  in  the  solid).  Clearly  if  Hab  <  Uaa-Uab,  very  little 
mixing  occurs  and  the  hole  states  fa  and  fb  properly  describe  the  localization  of 
the  two  holes.  In  this  instance  the  Auger  line  shape  is  atomic  like  probing  only  the 
two-electron  eigenstate  fa2  (core  hole  site).  For  example  see  recent  result  for  Ca 
metal. 103  If  Hab  >  Uaa-Uab,  the  mixing  of  the  configurations  is  complete  and 
the  linear  combination  fa±fb  properly  describe  the  localization  of  the  holes.  As 
such,  the  line  shape  is  molecular-like  (band-like  for  the  solid)  and  gives  Auger 
intensities  reflecting  the  DOS  on  the  atom  with  the  core-hole.  If  Hab  *=  Uaa- 
Uab,  of  course  intermediate  mixing  occurs  giving  both  contributions. 

To  the  novice,  the  Cini-Sawatzky  model  might  seem  to  be  counter  intuitive. 
First,  the  Auger  process  preferentially  creates  initially  localized  holes,  because  of 
the  atomic  matrix  element.  The  more  localized,  the  higher  the  energy  of  the 
system  final  state,  hence  the  lower  the  kinetic  energy  of  the  Auger  electron.  Now 
one’s  intuition  would  suggests  that  the  more  the  holes  tre  localized,  the  greater 
the  urgency  for  the  holes  to  fly  apart,  but  this  is  where  conservation  of  energy 
comes  in.  If  the  holes  are  to  fly  apart,  the  potential  energy  of  the  Coulomb 
repulsion  must  be  converted  to  kinetic  energy  of  the  holes.  And  if  U  >  >  V.  it  is 
not  possible  for  the  holes  to  gain  this  kinetic  energy,  so  they  are  "stuck"  in  this 
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uncomfortable  position.  Of  course  if  the  holes  are  "stuck",  the  atoms  themselves 
can  move,  but  this  occurs  on  a  much  slower  time  scale.  Thus  the  Auger  profile 
reflects  a  localized  final  state,  but  ultimately  the  atom  might  "Coulomb  explode" 
or  dissociate.  This  is  the  essence  of  the  Auger  induced  desorption  or  Knotek- 
Feibelman  mechanism  that  is  the  basis  of  much  electron  or  photon  stimulated 
desorption  work.104*105 

As  an  illustration  of  these  correlation  effects,  Fig.  9  compares  the 
bandwidth  :rn(j  with  Untjntj  for  the  metals  with  electron  configuration  d6s^  to 
dl()s2p2  For  an  three  rows  of  this  series  the  plots  of  r  and  U  cross  in  the  region 
d^s^  and  d^s.  The  Auger  line  shapes  of  these  "transitional"  metals  are  given  in 
Fig.  10  and  are  compared  with  a  fold  of  the  DOS,  N  *N,  and  in  some  instances,ihe 
calculated  atomic-like  Auger  line  shape.  The  line  shape  for  Cu  and  Ag  are  clearly 
atomic-like.  The  line  shape  for  Au  appears  to  be  band-like  although  shifted  down 
in  energy  by  5  eV.  The  Ni  and  Pd  line  shapes  show  atomic-like  and  band-like 
contributions  separated  by  3  to  4  eV,  and  with  some  multiplet  structure  still 
evident.  These  line  shapes  illustrate  the  rather  smooth  transition  from  atomic  to 
band-like  character. 

The  short  screening  length  in  metals  causes  the  inter-atomic  hole-hole 
repulsion.  Ua^,  to  be  negligible  so  that  A.U  =  Uaa.  The  magnitude, of  Uaa  is 
determined  by  the  Coulomb  Slater  integrals  F^(nd,nd),  F^(nd.nd),  and  F^(nd,nd) 
and  the  spin-orbit  coupling  ncj.  The  spin-orbit  coupling  constant  is  determined 
by  the  atomic  potential  deep  inside  the  atom  and  is  not  changed  by  metallic 
screening.  On  the  other  hand,  the  value  of  F^,  generally  the  largest  term,  is 
greatly  reduced  from  its  value  in  the  free  atom  by  metallic  screening.  The  non- 
symmetrical  terms,  the  F^  and  F4  Slater  integrals  responsible  for  the  multiplet 
splittings,  are  reduced  by  at  most  20%  from  the  free  atom  values,  particularly  for 
those  elements  with  tightly  bound  d  bands  and  large  correlation  energies,  i.e. 
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those  elements  to  the  right  in  Fig.  9. 106  In  the  transition  region,  such  as  for  Pd 
and  several  alloys  of  Pd.  the  final-state  splittings  are  reduced  more  significantly 
(j=34%)  from  the  free  Pd  atom  values.107  The  splittings  do  not  seem  to  depend 
on  the  nature  of  the  metallic  host,  indicating  that  the  reduction  is  a  consequence 
of  the  metallic  state  in  general  and  not  significantly  dependent  on  the  DOS  at  the 
Fermi  level  or  the  nd  band  width,  for  example.108  in  contrast,  in  alloys  involving 
Mn  (e.g.  the  semi-magnetic  alloy  Cd  j.xMnxTe),  a  metal  much  further  to  the  left  of 
the  transition  region  in  Fig.  9,  all  muitipiet  splitting  effects  apparently  are 
absent.109  Thus,  the  magnitudes  of  the  higher  order  Fn  terms  decrease 
significantly  only  after  F^  has  been  reduced  to  3  e  V  or  less.  This  expiains  how 
muitipiet  structure  can  still  be  evident  even  after  U  appears  to  be  nearly 
negligible. 

h.  Localization  in  Multi-element  Covaient  Systems 

Dunlap  et  al.  have  generalized  these  concepts  to  multi-element  covalent 
systems  by  providing  criteria  for  assessing  the  nature  of  localization  in  covalent 
systems  where  intermediate  levels  of  localization  can  occur.^un^aP  In  these 
systems  the  localization  can  occur  onto  atomic,  bond,  group,  or  extended  band 
orbitals  (AO.BO.GO,  or  EBO)  such  as  those  schematically  illustrated  for  LiN'O^ 
in  Fig.  1 1.  These  criteria  for  localization  can  be  summarized  as  follows: 

AO:  V  <  zxlixx, 

BO:  V  >  zaUxx, 

GO:  y  > 

EBO:  37  >  aUuj,. 

Here  V  is  the  covalent  interaction  between  nearest  neighbor  AO's  and  can  be 
estimated  from  the  bonding-antibonding  orbital  energy  separation,  y  is  the 


y  <  (13) 

37  <  ^  Ugg. 
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covalent  interaction  between  nearest  neighbor  BO’s  and  can  be  estimated  from 
the  s  and  p  atomic  orbital  energy  separation,  r  is  the  covalent  interaction 
between  neighboring  GO’s:  for  example,  the  GO’S  are  the  planer  arrangement  of 
three  N-0  BO's  about  a  single  N  atom.  In  metals,  the  extended  band  width  is 
determined  primarily  by  V,  but  more  commonly  the  symbol  r  is  used  to  refer  to 
the  extended  bandwidth.  Consistent  with  this,  r  is  used  in  the  previous  section  to 
refer  to  the  bandwidths  in  metals.  Uxx,  Li^,  and  Ugg  are  the  effective  Coulomb 
interactions  between  holes  localized  on  a  single  AO,  BO,  or  GO,  respectively,  and 
are  schematically  defined  in  Fig.  1 1. 

To  intuitively  understand  this  intermediate  level  localization  phenomena, 
consider  diamond.  It  is  well  known  that  the  best  starting  point  for  considering  the 
occupied  DOS  in  diamond  is  to  consider  a  linear  combination  of  bond  orbitals, 
since  the  bonding  and  antibonding  cr  bands  are  so  far  removed  in  energy  from  one 
another  (they  are  separated  by  a  large  band  gap).  Thus,  we  can  say  at  the  outset 
that  aUxx  <  V  (the  AO-AO  interaction  parameter),  and  we  will  not  have  atomic 
'localization  such  as  that  seen  in  the  metals  discussed  above.  What  about  BO 
localization?  The  one-electron  DOS  for  diamond  has  the  s  and  p  dominated 
peaks  separated  by  more  than  10  eV.110  These  s  and  p  DOS  arise  from  the 
clustering  of  four  bond  orbitals  about  each  C  atom  having  s  and  p  symmetry 
(actually  aj  and  t2  symmetry  in  the  point  group  for  tetrahedral  symmetry.  T<j).  If 
the  s  and  p  bands  can  be  treated  as  separate  bands,  i.e.  <  -y  (the  BO-BO 

covalent  interaction  parameter),  then  we  do  not  have  BO  localization.  This  leaves 
us  with  GO  localization,  which  is  proposed  for  diamond.  Stated  in  another  way: 
when  the  “s+  muitipiet  contributions  arisingirom  the  GO’S  are  resolved 
sufficiently  so  that  separate  features  are  visible,  we  can  speak  of  BO  localization, 
since  these  separate  features  then  correspond  to  configurations  of  holes  on  the 
same  or  different  BO's.  When  the  multiplets  are  not  sufficiently  resolved  we 
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speak  of  GO  localization. 

We  can  generalize  this  picture  for  the  hydrocarbons.  Examination  of  the 
wavefu.  Hons  for  most  hydrocarbons,  such  as  those  pictured  in  Fig.  3  for 
cyclohexane,  show  that  the  MO’s  can  best  be  considered  as  linear  combinations  of 
CHn  GO’s.^a^em  It  follows  that  for  most  of  the  C  based  systems.  GO  localization 
is  the  best  qualitative  picture  for  characterizing  the  localization. 

Further  analysis  of  the  Auger  profiles  and  bonding  in  covalent  systems 
indicates  that  a  correlation  exists  between  the  ionic  bonding  character  and  the 
nature  of  the  localization.  As  the  bond  orbitals  polarize  from  say  atom  N  to  O  in 
an  NO3  type  cluster  in  Fig.  1 1,  increases,  and  -y  decreases.  The  increase  of 
Ufok  relative  to  -y  raises  the  extent  of  BO  localization.  We  conclude  that 
increasing  BO  ionicity  increases  the  character  of  the  localization  from  GO  to  BO. 
Thus  the  more  ionic  BeO,111  BN,  and  B2O3112  solids  can  best  be  characterized 
as  exhibiting  BO  localization.  The  silicon  tetrahalide  molecules.  SiX^  exhibit  BO 
localization,  consistent  with  the  large  Si-X  electronegativity  difference,  in 
contrast  with  CF4,  which  does  not,  consistent  with  the  smaller  electronegativity 
difference  here.113  The  oxyanions  NO3*.114  PO4-K  and  SO4-*.  regardless  of 
cation,  exhibit  GO  localization. Dunlap  jn  thiS  latter  case,  it  is  expected  that  the 
holes  can  not  get  off  of  the  oxyanions  where  they  were  created  by  the  X  L23VV 
process,  so  that  GO  localization  is  a  fait  accompli.  The  Si  L23VV  profile  for  Si02 
exhibits  structure  similar  to  that  for  the  SiX4  molecules,  so  that  it  also  appears  to 
exhibit  some  BO  localization  character. Ramcorr 

II.  THE  PRESENT  -  RECENT  APPLICATIONS 

We  see  that  many  different  phenomena  can  occur  which  affect  the  Auger 
line  shape.  These  include  localization,  shakeoff.  charge  transfer,  polarization, 
etc.  By  understanding  these  phenomena  we  obtain  the  interesting  electronic 
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structure  information  which  motivates  the  interpretation  of  the  Auger  line  shape. 
Below  we  shall  examine  a  wide  range  of  applications,  each  with  a  view  toward 
elucidating  the  fundamental  physical  phenomena  in  that  system. 

A.  Metals  and  Alloys 
1.  CCV-Line  Shapes 

Core-core-valence  (CCV)  line  shapes  have  been  shown  to  exhibit  large 
core-hole  screening  effects,  consistent  with  the  presence  of  a  final-state  core  hole. 
This  follows  from  the  final  state  rule  (see  Sec.  II. Cl  above),  which  indicates  that 
the  line  shape  should  reflect  the  DOS  in  the  presence  of  the  core-hole.  These 
effects  are  very  pronounced,  and  have  been  studied  very  extensively  in  metals, 
alloys,  and  also  in  Si.  Some  of  the  early  work  involved  the  L1L23V  line  shape  in 
Si ' 115  and  the  KL23V  line  shape  in  Na.116  More  recent  work  involves  the  KL  \  V 
anu  K.L23V  line  shapes  in  metals  (NavonBarth.  Mg,  Al117.  Mg118),  metal  alloys 
(AINi119.  Mg  with  Ni.  Cu.  Zn.  Pd.  Ag.  or  Al120’121’122),  and  Si.Ramsi  Finally 
several  studies  on  the  M  j  M23 V  and  M23M45V  line  shapes  in  GaAs123-124-125. 
Ge126,  GeS  and  GeSe127  have  been  reported.  These  investigations  have  been 
very  neipfui  in  determining  the  fundamental  properties  of  the  materials  under 
study.  For  example,  the  studies  on  the  Mg/metal  alloys  listed  above  revealed  the 
strong  hybridization  of  the  Mg  s  and  p  orbitals  with  the  other  metal  d 
orbitals^ca^°ys.  The  studies  on  GaAs  upon  exposure  to  O  and  CO  indicated  very 
clearly  the  relative  reactivity  of  the  surface  Ga  and  As  atoms. Lagally  ajj  0f 
these  studies  revealed  large  core-hole  screening  effects  which  needed  to  be 
understood  before  detailed  interpretations  of  the  line  shapes  could  be  carried 
out. 

Perhaps  most  illustrative  of  the  effects  of  the  core-hole  on  the  valence  band 
DOS  in  metals  is  the  data  of  Hannah  et  al.  in  Fig.  L2,  which  compares  the  KLj  V 
and  KL23V  line  shapes  for  Mg.  Al.  and  two  alloys. Hannah  These  data  can  hesl  [ie 
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understood  in  terms  of  zxZ.  the  effective  charge  on  the  core  of  the  local  atom 
compared  with  the  average  of  its  neighbors.  To  understand  this  data,  we  also  use 
the  results  in  Table  1  which  indicates  the  relative  weighting  of  the  s  to  p  DOS  in 
these  Auger  line  shapes.  Qualitatively,  the  KL23V  line  shape  reflects  primarily  p 
DOS.  the  KLj  V  reflects  about  equal  s  and  p.  Thus  the  difference  between  the 
two.  indicated  by  the  shaded  areas  in  Fig.  12  qualitatively  reflects  the  s  DOS. 
Based  on  this  analysis,  the  p  DOS  peaks  around  2  eV  for  zxZ  =  0  or  1.  but  at  4  eV 
when  zs.Z  =  2.  This  appears  to  be  a  general  trend  in  the  systems  studied;  i.e.  the  p 
DOS  is  not  strongly  altered  by  the  presence  of  a  single  core-hole,  but  apparently  it 
is  ultimately  strongly  affected  by  two  core-holes.  On  the  other  hand  the  s  DOS  is 
strongly  distorted  by  a  single  hole,  as  revealed  by  a  comparison  of  the  s  DOS  in  Mg 
and  AlgjMg  ^5  in  Fig.  12  (the  s  DOS  peak  is  shifted  from  4  to  6  eV).  A  second 
core-hole  pushes  the  s  DOS  further  to  higher  binding  energy,  so  that  it  peaks 
around  8  eV  when  zxZ  =  2. 

2.  CVV  Une._Sha.pcs 

The  Cini  model  for  understanding  hole-hole  correlation  effects  in  metals 
was  based  originally  on  a  filled  (or  nearly  filled)  band.  Treglia  et  al. 128 
developed  the  formalism  for  cases  where  the  d  band  is  not  filled,  but  as  we  will 
indicate  in  Sec.  IV. E4  below,  the  results  are  similar  to  that  for  filled  bands,  except 
that  the  apparent  zxU  appears  to  decrease  with  increasing  hole  density.  This  can 
be  seen  from  the  results  in  Fig.  13  which  shows  N i  L23VV  Auger  line  shapes  for 
various  Ni  alloys.129  Photoemission  data  reveals  that  the  d  band  width  does  not 
significantly  change,  but  that  the  DOS  shifts  down  with  decreased  DOS  at  the 
Fermi  level  for  N^o^ngQ  and  Ni^Al^g.  This-decreased  density  of  d-holes  limits 
the  ability  for  electron  screening,  and  hence  a  larger  aU  for  these  systems  is 
expected.  This  is  clearly  evident  in  Fig.  13,  which  shows  a  line  shape  that  is 
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narrower  and  shifted  to  higher  binding  energy  for  Ni2()Zng()  and  N i5()Al5().  1'his 
is  exactly  as  expected  by  the  Cini  model  for  larger  zxU.an<*rews 

In  contrast  to  the  above  case  for  Ni  alloys,  a  recent  study  on  Cu  ailoys 
(A^Cu.  Mg2Cu..  and  Ni^jCu  joo)130  revealed  that  changes  in  the  L3VV  line 
shape  occurred  primarily  as  a  result  of  changing  3d  bandwidth.  Cu  exhibits  a 
nearly  atomic-like  spectra,  revealing  individual  multiplets.  The  separation  of 
these  multiplets  and  relative  intensities  are  seen  to  change  just  as  expected  within 
the  Cini  theory  for  changing  bandwidth  Andrew2 

General  theoretical  treatments  of  CVV  Auger  spectra  in  dilute  and 
disordered  alloys  have  been  given  by  Drchal  and  Kudrnovsky  and  Vos  et 
a 1 131. vos  jn  these  general  theories  the  importance  of  U,  the  covalent 
interaction,  and  the  energy  separation  between  the  impurity  (dilute  metal)  level 
and  bulk  level  are  emphasized.  The  energy  separation  is  as  important  as  U  in 
understanding  the  Auger  profiles  in  these  alloys.  In  the  latter  work  the 
L23M451VI45  line  shape  in  CuCd2  and  Cd3Cu  were  considered  in  detail.  Other 
recent  work  includes  Auger  studies  on  the  following  alloy  systems:  Fe-B-P.132  U- 
M  (M=  Fe.  Co.  Ni)  metallic  glasses.133  Au,Ag/Ge.134  and  UPt3  and  UBej3  135 
We  examine  more  closely  the  recent  Auger  work  on  the  Pd/Cu  alloy.136 
This  work  reveals  the  importance  of  the  effects  of  local  lattice  expansion  around 
Pd  impurities  in  Cu.Pdlattlc  This  is  an  excellent  example  of  a  "noble-metal- 
impurity.  free-electron-like  host,  and  shows  the  importance  of  the  impurity-host 
interaction.  Fig.  14  compares  the  theoretical  results  obtained  for  the  Pd 
M45N45N45  line  shapes  in  the  dilute  alloy  Q^Pdj.  The  important  parameter  is 
t  =  (Trup,j  -  TcuCu-)/' TcuCu’  which  varies  the  d-d  transfer  integral  between  the 
host  and  impurity.  When  t  is  -I.  the  impurity  is  decoupled  from  the  host  and  the 
impurity  DOS  is  a  Lorentzian  centered  around  6  eV  (i.e.  the  feature  at  (>  eV  in  the 
Pd  DOS  shown  in  the  insets  of  Fig.  14).  When  t  =  (),  the  impuritv-host  and  host- 
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host  transfer  integrals  are  equal.  This  corresponds  to  the  usual  Clogston-Wolff 
result,  which  assumes  that  the  lattice  around  the  impurity  has  expanded  to 
equalize  the  hopping  integrals.  As  t  is  increased  above  zero,  more  of  the  impurity 
DOS  is  mixed  into  the  host  d  band,  and  for  t =0.6  the  admixture  is  comparable  to 
that  given  by  impurity  calculations.  Fig.  14  compares  the  Pd  DOS  and  resultant 
Auger  line  shape  obtained  with  t  =  0.6  and  0.2.  indicating  that  indeed  an 
expansion  has  occurred  to  nearly  equalize  the  transfer  integrals. Puttie  EXAFS 
calculations  on  this  same  system  show  similar  local  lattice  expansions  around  the 
Pd  impurity.  ^attic  In  contrast  to  the  Cu-Pd  alloy,  similar  Auger  line  shape 
studies  on.  the  Ag-Pd137,  Cd-Ag138,  Ag-Mn  and  Cu-Mn139,  and  Ni-Fe140  alloys 
do  not  reveal  such  lattice  expansion  effects  in  the  CVV  Auger  line  shapes. 

B.  Silicon  and  Second  Row  Metals 

The  L23VV  Auger  line  shapes  of  the  simple  metais  (Li.  Be.  N'a.  Mg.  Al)  and 
Si  probably  are  the  most  often  studied  in  the  literature.  This  work  dates  back  over 
nearly  15  years  and  the  references  are  too  numerous  to  cite  all  of  them  here. 
Recent  work  by  Almbladh  and  Morales,141  Vidal  et  al..142  and  Ramaker  et 
a|Ramsi  review  much  of  this  work.  The  conclusions  reached  by  all  investigators  is 
usually  always  the  same:  namely  that  a  simple  fold  of  the  bulk  DOS  including 
atomic  Auger  matrix  elements  does  not  reproduce  the  experimental  line  shapes. 
Furthermore,  dramatically  reducing  the  ss  and  sp  contributions  in  the  line  shapes 
can  give  excellent  agreement.  Fig.  15  shows  this  result. ramsi  Table  1  indicates 
the  extent  to  which  the  ss  and  sp  contributions  must  be  reduced.  But  how  can  this 
be  justified? 

An  early  explanation  by  Jennison143  indicated  that  the  bonding  charge 
must  be  excluded  from  the  total  charge,  since  the  Auger  process  samples  only  the 
charge  local  to  the  atom  with  the  core  hole.  This  reduces  the  ss  and  sp 
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contributions,  since  the  s  orbitals  are  very  diffuse  in  Si,  and  there  is  greater 
overlap  (i.e.  bonding  charge).  But  the  final  state  rule  indicates  that  the  Auger 
intensities  should  reflect  the  initial  state,  which  because  of  the  core-hole,  now  has 
s  orbitals  contracted  relative  to  the  ground  state.  Thus,  this  explanation  generally 
is  no  longer  accepted. rams**  a*nibladh2 

More  recent  explanations  for  the  reduction  of  the  ss  and  sp  contributions 
depend  on  surface  effects  or  dynamical  screening  effects.  One  way  to  test  for 
surface  effects  is  to  compare  the  KVV  and  L23VV  line  shapes.  If  the  ss  and  sp 
contributions  are  fully  reflected  in  the  KVV  line  shape,  but  not  in  the  LVV  line 
shapes  of  these  elemental  solids,  then  surface  effects  must  be  playing  an  active 
role.  This  is  because  electrons  from  the  LVV  transition  have  kinetic  energies  of 
only  about  100  eV.  Thus,  these  come  primarily  from  the  first  1-3  surface  layers, 
compared  with  KVV  electrons  which  have  kinetic  energies  well  above  1500  eV  and 
come  more  from  the  bulk.  Table  1  does  indeed  indicate  that  the  ss  and  sp 
contributions  in  the  KVV  line  shape  for  Si  have  the  expected  intensities,  in 
contrast  to  that  for  the  LVV  line  shape  in  Si.  The  KVV  and  LVV  line  shapes  for 
Mg144  and  Ai145  have  also  been  compared.  In  contrast,  these  results  suggest 
that  the  KVV  and  LVV  line  shapes  are  very  similar  (or  at  least  that  they  both 
reflect  similar  ss  and  sp  reductions).  However,  all  of  these  comparisons  have 
difficulties.  In  general  the  KVV  transition  gives  a  very  weak  signal,  and  usually 
the  KVV  spectra  have  been  taken  with  extremely  poor  resolution  because  of  the 
high  electron  kinetic  energies.  Furthermore  in  Mg,  the  ss  and  pp  contributions 
have  similar  spectral  shapes,  so  that  it  is  difficult  to  determine  their  exact  relative 
size.  These. problems  have  beemdiscussed  in  detail. by  Ramaker  et  al. ramsl. 

Surface  effects  have  also  been  considered  by  performing  detailed 
calculations  which  explicitly  include  the  effects  of  the  surface.  Feibelman  et 
ai.146  and  Kunjunny  and  Ferry147  have  performed  such  calculations  and  these 
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results  do  indicate  that  surface  effects  add  intensity  to  the  line  shape  in  the  region 
where  it  is  needed.  But  inclusion  of  these  surface  effects  do  not  solve  the 
problem:  indeed,  Feibelman’s  work  lead  to  the  discovery  of  this  problem. 

However,  calculations  for  A1  metai  have  indicated  that  surface  layers  have  more 
p-like  character  than  the  bulk,  and  this  has  been  proposed  previously  to  explain 
the  reduction  of  the  ss  and  sp  components  in  the  A1  LVV  line  shape.148*149 
Recent  Auger  spectra150  utilizing  photon  energies  near  the  Si  2p  binding  energy, 
namely  at  two  different  energies  which  emphasize  either  the  bulk  or  surface 
contributions,  indicate  that  surface  effects  cause  a  4  eV  shift  to  higher  kinetic 
energy  in  the  principal  peak  of  the  Si  L23VV  line  shape.  A  large  change  in  the  s/p 
intensity  ratio  in  the  Si  line  shape  with  different  Ge  overlaver  coverages  also 
suggest  a  large  surface  effect.151 

On  the  other  hand  several  arguments  can  be  given  suggesting  that  dynamic 
screening  effects  play  a  dominant  role  in  the  reduction  of  the  ss  and  sp 
contributions  in  the  LVV  line  shape.  By  dynamic  screening  effects,  we  mean  those 
effects  which  arise  from  the  non-orthogonality  of  the  initial  and  final  state 
orbitals  that  result  because  of  the  initial  core-hoie  and  final  no-core-hole  states. 
These  non-orthogonality  effects  introduce  satellites,  such  as  the  initial  state  and 
final  state  shakeoff  (kv-vvv  and  k-vvv)  processes  discussed  in  Sec.  II. B4  above.  No 
evidence  exist  for  initial  state  shakeoff  satellites  in  these  materials,  because  the 
“shake"  hole  propagates  away  from  the  core-hole  before  the  Auger  decay. 
However,  final  state  shakeoff  has  the  effect  of  redistributing  Auger  intensity  over 
a  iarge  energy  range  which  ultimately  causes  some  intensity  to  disappear  into  the 
background.  ThusTinal- state  shakeoff  can  preferentially  reduce  some 
components  of  the  total  line  shape. 

Ramaker  et  al.ramsi  have  suggested  that  the  diffuse  3s  orbitais  in  ground 
state  Si  contract  in  the  presence  of  a  core  hole.  This  causes  a  particularly  large 


Ramaker  37 


reduction  of  the  ss  and  sp  Auger  contributions.  The  fact  that  the  Si  LVV  line 
shape  for  most  metal  silicides.  where  the  Si  s  orbitals  are  more  local,  do  not 
exhibit  the  ss  and  sp  reduction  is  very  suggestive  here  of  the  shakeoff  mechanism 
(see  Sec.  III.F  and  Figs.  22  and  23).  Furthermore,  dynamical  calculations  of  core- 
hoie  effects  by  Schulman  and  Dow152  for  Li  indicate  that  accounting  for  dynamic 
screening  significantly  improves  the  agreement  with  experiment. 

Davis  and  Dow  indicate  that  the  L23VV  line  shapes  of  Al,  Mg  and  KVV  of 
Be  and  Li  when  plotted  as  a  function  of  the  reduced  energy  E/2k  (where  k  is  the 
free-electron  Fermi  energy),  are  all  nearly  the  same.  From  this  they  conclude  that 
the  Auger  profiles  of  simple  metals  depend  primarily  on  the  electron  gas  density 
and  are  almost  independent  of  the  details  of  the  band  structure. 

Very  recently.  Almbladh  and  Morales  almbladh2  performetj  extensive 
calculations  which  included  dynamical  screening  and  surface  effects  on  the  CVV 
line  shapes  for  Li.  Be.  Na.  Mg.  and  Al.  These  results  for  Li  and  Al  are  shown  in 
Fig.  16.  Their  results  still  provide  no  clear  picture,  indeed  they  cloud  the  situation 
still  more  because  their  conclusions  are  so  different  from  previously  cited  work. 
They  conclude  that  the  final  state  rule  result  accounting  for  just  static  screening 
provides  good  agreement  with  experiment  for  Li  and  Be.  They  indicate  that 
dynamical  effects  worsen  the  agreement  in  Li,  Mg  and  Al,  but  improve  it  in  Na. 
They  further  conclude  that  surface  effects  are  critical  for  Mg  and  Al. 

Obviously  further  work  will  be  required  here  before  any  definite 
conclusions  can  be  reached  about  this  important  and  long  term  problem.  In  spite 
of  this,  recent  analysis  of  the  L23VV  line  shape  has  provided  some  information  on 
the  surface  density  of  states.154  and  on  silicon-hydrogen  bonding  in  hydrogenated 
amorphous  Si.155 


C.  Gas  Phase  Molecules 
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Detailed  interpretations  of  the  Auger  line  shapes  for  gas  phase  molecules 
have  been  reported  for  around  50  or  more  different  molecules  (see  Ref  Ramrevl 
for  a  partial  list  with  original  references).  More  recent  work  has  been  on  the 
following  molecules:  CH3CN,156  ZnCl2  and  CUCI3  vapors.157  F2,158  CO.159 
C2H4,160  Neopantane  (C(CH3)4)JennneoP.  Co(CO)3NOand  Fe(CO)5,161 
CX4(X  =  F.  Cl.  Br)  and  SiF4,162  1NH3  radical 163  CHn  (carbvnes) 164 
ROCSSNa  (xanthates),165  HBr,166  (HF)n,167  OCS168  and  N02.169  Such  ah 
initio  theories  as  Hartree  Fock-self-consistent  field  theory  ( HF- 
SCF)170,171’172’  local  density  function  (e.g.  LCAO-MO-Xa)^un*uP. 
configuration  interaction  (Cl)173,174,175,176  or  Green's  functions 
theoriesohrendorf' 177,178  have  been  used.  Recently,  semi-empirical 
calculations  (e.g.  CNDO  or  INDO)  have  also  been  utilized  with  good 
success  179 ' 180  rUrJcrev 

In  these  approaches,  the  different  two-hoie  final  states  resulting  from  the 
Auger  process  are  described  directly  as  approximate  solutions  to  the  Schrodinger 
equation.  H^='EV»-  The  resultant  final  state  energies  are  utilized  to  calculate 
Auger  kinetic  energies.  The  wave  functions  may  be  utilized  to  calculate  the  Auger 
intensities  of  each  transition,  or  some  empirical  procedure  may  be  used.  Usually 
a  comparison  of  the  experimental  line  shape  witlva  "bar"  diagram  is  reported, 
where  the  position  and  height  of  each  bar  represents  the  energy  and  intensity  of 
each  Auger  transition.  Generally,  a  bar  of  significant  intensity  is  found  under 
each  feature  in  the  experimental  line  shape,  so  that  good  agreement  between 
theory  and  experiment  is  assumed.  Rarely  has  a  width  for  each  transition  been 
determ  ined.sothat-aquantitative  comparison  between  theory  and  experiment 
could  be  made  fan  exception  is  ref.  Dunlap).  Furthermore,  the  totally  different 
approaches  for  molecules  and  solids  has  generally  made  it  impossible  to  compare 
trends  in  the  molecular  spectra  with  those  for  solids. 
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In  a  totally  different  approach.  Hutson  and  Ramakerram^c  have  utilized 
solid  state  methods  and  the  Cini  expression  (eq.  6  and  7)  to  interpret  the  Auger 
line  shape  of  several  hydrocarbons,  and  compared  the  results  with  that  obtained 
for  graphite,  diamond,  and  polyethylene.  The  justification  for  utilizing  the  Cini- 
Sawatzky  expression  for  molecules  on  an  empirical  DOS  self-fold,  which  includes 
the  vibrational  widths  is  not  very  clear.  However,  we  have  indicated  above  that 
the  distortions  to  the  DOS  self-fold  caused  by  the  Cini  expression  qualitatively 
mimics  the  distortions  normally  occurring  within  the  Ci  theory  for  molecules. 
Therefore,  as  long  as  the  correlation  effects  are  relatively  small  ( i.e.  A.U  <  the 
appropriate  covalent  interaction),  this  approach  appears  to  work  reasonably  w-;ll 
(see  further  discussion  in  Sec.  IV. E4). 

Figs.  17  and  18  compare  the  optimal  total  theoretical  line  shape  obtained  by 
Hutson  and  Ramaker  with  the  experimental  line  shapes  for  ethylene  and 
ethane. ^>'ea*k  In  general,  the  theoretical  line  shapes  generated  by  the  formalism 
described  agree  nicely  with  the  experimental  line  shapes.  Similarly  good 
agreement  is  obtaine.d-for  other  gas  phase  molecules  not  shown,  i.e.  for  methane, 
cyclohexane  and  benzene. Ramhydc  Table  2  summarizes  the  results  for  the 
satellites  and  Table  3  summarizes  the  zxU  and  6  parameters  for  the  principal  kvv 
components. 

Tab.r  2  reveals  that  the  normal  kvv  line  shape  accounts  for  only  about  half 
of  the  to.ul  experimental  intensity  for  the  gas  phase  molecules.  The  remaining 
part  of  the  experimental  intensity  can  be  attributed  to  3  different  satellite 
contributions:  namely  resonant  excitation,  initial-state-shake,  and  final-state 
shake  sate!!itesr(-i-e.  via  the  ke-vve,  kv-vvv,  and  k-vw  processes).  The-spectral  line 
shapes  for  the  ke-we  and  kv-vvv  satellites  also  were  generated  by  eq.  (6)  but  with 
different  values  for  A.-U  A  A*and  6  A  A’  as  schematically  indicated  in  Fig. 

?  Ramhydc  The  results  in  Fig.  17  for  ethylene  and  the  conclusions  concerning  the 
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importance  of  satellite  contributions  utilizing  the  semi-empirical  method  is 
totally  consistent  with  recent  ab-initio  Green's  functions  resuits  reported  by 
Ohrendorf  et  alP^reri^ort 

The  ratio  of  the  resonant  satellite  intensities,  i(ke-v)/I(ke-vve).  indicates 
something  about  the  character  of  the  orbital  containing  the  resonantly  excited 
electron,  i.e.  the  excitonic  level.  The  atomic  Auger  matrix  elements  per  electron 
are  essentially  the  same,  for  the  ss.  sp  and  pp  contributions  in  kvv  spectra  (see  Sec. 
II. C2).  Therefore,  one  can  estimate  what  the  ratio  of  intensities  should  be,  based 
purely  on  the  ratio  of  local  electron  densities,  assuming  a  completely  localized 
excitonic  level.  With  an  initial  state  charge  distribution  of  crscr  p27re.  I(ke- 
v)/I(ke-we)  should  be  0.5,  compared  with  M).  14  for  ethylene  and  other  alkenes 
found  experimentally.™01*^1"  This  suggests  that  although  the  excitonic  level  may 
be  localized  in  time,  it  must  be  of  a  more  diffuse  nature  spatially.  The  factor  of 
two  or  more  reduction  from  that  expected  theoretically  suggests  that  the  excited 
electron  spends  only  part  of  its  time  on  the  methyl  group  with  the  core  hole,  the 
other  part  of  the  time  presumably  on  neighboring  carbon  atoms  or  methyl  groups. 

We  note  that  the  relative  intensities  of  the  kv-vvv  satellites  for  the  6 
moiecuies  listed  in  Table  2  are  essentially  ail  abound  20%  to  within  experimental 
error.  Methane  is  isoelectroric  with  the  neon  atom.  The  shakeoff  probability  for 
neon  has  been  both  measured  and  calculated  to  be  around  27%.  This  is  in 
excellent  agreement  with  that  found  for  all  of  the  carbon  systems.181 ' 182  Table 
2  shows  that  the  empirically  determined  intensity  for  the  k-vvv  satellite  is  quite 
constant  around  17%.  This  intensity  was  determined  bv  integrating  the  area 
underthe  long  tail  from  (the  threshold  energy  for  the  shakeoff  satellite)  down 
to  Eth  +  50  eV.^111*^0  This  includes  most  of  the  final  state  shake  satellite 
although  some  intensity  exist  beyond  this  region.  This  could  easily  introduce  an 
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error  of  3%,  so  that  to  within  experimental  error,  the  initial  and  final  state 
satellite  intensities  are  similar,  as  expected. 

D.  Molecular  Adsorbates 

Once  a  molecule  is  placed  on  a  metal  surface,  localization  of  the  hole  on 
the  molecule  is  no  longer  a  fait  accompli.  The  hole  can  escape  via  electron 
transfer  from  the  substrate,  i.e.  charge  transfer.  It  is  therefore  interesting  to 
compare  the  Auger  spectrum  for  the  free  molecule  with  that  for  the  molecular 
adsorbate.  Either  an  interpretation  of  the  line  shape  or  comparison  with  the  gas 
phase  has  recently  been  done  for  several  molecular  adsorbates  including 
diatomics  and  hydrocarbons:  O2,  H2O.  CH3OH.  HCHO.  CO.  NS  CH31NH2,  and 
(CH3)2NH  on  Ni,  Cu,  Pd,  and  Ag 183  C2H4/W( ,l()()).184  C2H2/Cu(  100) 185  02 
and  CO/A1,186  CC 1 4 / N i ( 1 1 0 ) . 1 8 7  CH3N02 and  C2H5N02/Rh(  11 1).188  CO. 
C2H4,  C2N2.  and  C6H6/Pt(  ill),189  CO/Pd(  1 1 1).190  CO/Ni(  iOO).191-192 
CO/Pt(  111)  and  Cu(  1 1 1).193  A  review  of  the  literature  up  through  1980  on  the 
use  of  Auger  spectroscopy  for  the  study  of  molecular  adsorbates  has  been  given  by 
Netzer.194  He  noted  the  presence  of  additional  satellites  near  the  top  of  the 
spectra  for  almost  all  of  tbe  adsorbates  and  a  shift  of  the  spectra  to  lower  energy- 
relative  to  the  gas  phase.  Cini  and  JD’Andrea  have  presented  a  general  theory  for 
understanding  dynamic  screening  effects,  and  Schonhammer  and  Gunnarsson  tor 
many  body  effects  in  CVV  spectra  of  molecular  adsorbates.195-196 

Fig.  19  shows  C  KW  Auger  data  for  ethylene/Ni(  100)  deposited  at  LOOK, 
and  then  heated  to  higher  temperatures  as  indicated.  ^7,  ^  These  line  shapes 
result  after  the  data  treatment  summarized  in  Sec.  IIA.  lb.  Notice  the  significant 
changes  in  Auger  profile  and  the  gradual  shift  to  lower  two-hole  binding  energy 
with  increasing  temperature.  HREELS.  XPS.  and  UPS  data  indicate  that  these 
line  shapes  are  representative^of  7r-bonded  ethylene  (C2H4)at  100K.  cr-bonded 
vinyl  (CHCH2)  at  250K.  a  mixture  of  di-cr-bonded  acetylene  (HCCH).  ethynvi 
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(CCH)  and  methylidvne  (CH)  at  300K,  and  carbidic  carbon  (C)  at  600K  on  the 
surface. Ramethyi  Clearly  the  Auger  line  shape  is  sensitive  to  the 
adsorbate/substrate  bonding  changes,  suggesting  that  much  can  be  learned  about 
these  systems  from  Auger  line  shape  interpretations. 

We  consider  in  detail  here  the  results  for  the  100K  spectrum.  Fig.  17 
compares  the  Auger  line  shape  for  gas  phase  C2H4with  the  C2H4/Ni  at  100K  (i.e. 
the  p-bonded  ethylene.).- Ramethyl  The  spectrum  in  Fig.  17b  was  excited  by  x-rays, 
so  that  no  re  sonant  satellites  appear.  Charge  transfer  from  the  substrate  into  the 
*7r  *  orbital  occurs  to  screen  the  holes,  in  both  the  core-hole  initial  state  and  the 
two-  or  three-hole  Auger  final  state.  This  charge  transfer  has  the  affect  of 
decreasing  the  and  6'  parameters;  the  transferred  charge  playing  the  role  of 
the  resonantly  excited  electron  in  the  gas  phase. Ramethyl  Thus  the  kw  and  kv-wv 
contributions  which  comprise  the  intramolecular  component  (i.e.  termed  the  VV 
component)  for  the  chemisorbed  state  are  similar  to  the  ke-we  and  kw  in  the  gas. 
The  V-7T  *  component  is  similar  to  the  ke-v,  and  the  tt  %r  *  component  is  a  new 
contribution  unlike  that  of  any  in  the  gas  phase,  in  fact  it  is  approximated  in  Fig 
17b  by  the  Ni  L3VV  Auger  line  shape.  Although  the  latter  two  components  are 
facilitated  through  an  intra-atomic  V7 r  *  and  7r  *  Auger  process, 
respectively,  they  ultimately  appear  inter-atomic  in  character  because  one  or  both 
holes  ultimately  end  up  on  the  substrate. 

The  relative  intensities  of  the  three  components  can  be  understood  within 
the  final  state  rule.  The  electronic  configuration  per  carbon  atom  in  the  ground 
state  of  the  chemisorbed  ethylene,  assuming  charge  neutrality,  is  nominally 
cr  3yr  ^‘X7T  X,  where  the  x  indicates  the  tt  bonding  and  tt  *  back-bonding  charge 
transfer  involved  in  the  interaction  with  the  metal  substrate.  Upon  creation  of  the 
core  hole,  we  expect  that  the  valence  electronic  configuration  assuming  charge 
neutrality,  becomes  W  T  or  7T  *y,  where  y  is  the  net  charge  transfer  in 
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the  presence  of  the  initial  core  hole.  The  relative  intensities  of  the  components. 

9|C  jjg  a 

VV:V-7 r  :  tc  7r  should  then  be  I6:8y:y.  or  upon  including  the  P|.jj  matrix 
elements  I3:7y:y2.  Best  agreement  with  the  results  obtained  from  the  fit  to  the 
experimental  line  shapes  (56:34:  LO.  total  normalized  to  100)  is  obtained  when 
v=  1.3.  which  gives  relative  intensities  of  55:38:7. Ramethyl  The  1.3  total  electron 
transfer  is  consistent  with  the  1.3  core  hole  screening  electrons  found  in  benzene 
as  determined  from.ab-initio  theoretical  calculations.199 

Similar  interpretations  of  the  line  shapes  in  Fig.  19  have  been  reported  by 
Ramaker  et  al.^amet'iyl>200  Most  interesting  of  these  results  is  the  evidence  that 
the  line  shape  at  600K  is  not  representative  of  a  true  carbide,  since  considerable 
C-C  bonding  character  is  reflected  in  the  line  shape.  Similar  C  KVV  Auger  data 
reported  by  Gaputi  et  al.  reveal  further  changes  in  the  line  shape  around  620K. 201 
Quantitative  interpretations  of  these  data,  suggest  that  the  amount  of  C-C  bonding 
character  decreases  at  this  temperature. Ramcarh  Recently.  CEELS  data  has 
shown  that  the  C-C  bonding  below  600K  correspond  to  Cn  (n  mostly  equal  to  2) 
horizontally  bonded  to  the  surface,  and  that  above  620K  t  ?'•*  *  cant  fraction  of 
the  Cn  dissociates;  however,  at  high  coverages,  some  of  *  flip  up  vertical  to 

the  surface-202  Comparison  with  theoretical  calculations  ’  and  additional 
experimental  data  indicate  that  these  vertical  C2’s  serve  as  precursors  to  the 
graphite  nucleation  sites. RamvertC 

It  is  interesting  to  consider  at  what  point  in  an  adsorbate/substrate 
interaction  the  charge  transfer  takes  pJace.  Rye  et  ai.  have  considered  this  by 
comparingithe  C  KVV  line  shape  for  a  free  C2H5  molecule,  to  that  for  a  thick 
condensed  layer,-a^monolayer  physisorbed  on  Ni(  1 1 1 )  at  20 K.  and  data  taken  at 
higher  temperatures  similar  to  Fig.  19.204  First  the  effective  <5  decreases  by 
about  2.5  eV  upon  condensation  of  the  free  moiecuie  (i.e.  a  decrease  from  about 
LOeV  as  indicate  in  Table  3  to  7.5  eV).  This  arises  from  polarization  of  the 
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condensed  gas.  At  20K.  the  coupling  toaNi  surface  is  insufficient  to  delocalize 
the  two-finai  state  holes,  so  that  6'  remains  essentially  at  7.5  eV. 

Figure  20shows  what  Rye  found  as  the  temperature  is  increased.  Here  the 
energy  scaie,  Ueff(T)  -  2(iP(2()K)  -  IP(T)],  which  equals  Ueff_(20K)  at  T  =  20K.  is 
essentially  the  change  in  two-hole  binding  energy  from  the  20K  spectrum  with 
increasing  T.  This  includes  shifts  due  to  a  changing  U  and  a  changing  ionization 
potential  (IP)  with  temperature.  Rye’s  Ue£f  is  essentially  zsli  +  6'  in  Table  3, 
hence  Ueff~  7.5  +  1  «  8.5  eV  at  20K.  Rye  et  al.  suggest  that  the  energy  shift 
primarily  results  from  a  decreasing  U  over  most  of  the  temperature  range,  so  that 
U.eff  does  not  reach  zero  until  nearly  500-600K.  However,  Fig.  17b,  indicates  that 
already  at  100K.  both  aU  and  S  are  zero,  so  that  Ueff  is  already  zero  at  100K. 
This  difference  of  opinion  obviously  arises  from  experimental  energy  calibration 
differences  between  the  data  of  Rye  et  al.  and  Ramaker  et  al.  at 
10UK.rVeeI^^rarnet^'*  The  shift  beyond  500K  in  Fig.  20  obviously  occurs 
because  of  a  decreasing  IP.  since  the  ethylene  is  unuergoing  conversion  to  metal 
carbide  in  this  temperature  range  as  discussed‘above.^amet^  The  shift  between 
100  and  250  eV  most  likely  also  arises  fromia  decreasing  IP.  due  to  conversion 
from  7r-bonded  to  or-bonded  €2^5  in  this  temperature  range,  and  the  increased 
interaction  with  the  substrate.  f*amethyl  in  this;picture  the  charge  transfer  and 
dramatic  reduction  in  U  occurs  upon  conversion  of  physisorbed  to  chemisorbed 
ethyjene  already  at  100K.  but  more  experimental  work  is.reqtiifed  here  to  resoive 
the  absolute  ene r gy  pro b  1  em . 

AES  has  also  been  very  usefubfor  studying  the:decomposition  of  molecular 
adsorbates  withdncncasing  tcmpctature  ommany  other  systems,  such  as 
C2H2/Cu.“(^  CH30H/Fe(  1  10).2W>  and  the  ultimate  formation  of  graphite  at 
higher  temperatures. Ranictirb 
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E.  Extended  Covaient  Solids 

A  considerable  amount  of  work  on  Auger  line  shape  analysis  has  been 
published  for  various  covalent  solids.  Most  prevalent  of  this  is  the  work  on  Si. 
Si02.  SiC.  and  Si^N 4  because  of  there  use  in  the  electronics  industry.  Many 
studies  have  also  been  reported  on  the  covalent  solids  involving  carbon.  As 
mentioned  at  the  beginning  of  this  review,  the  Auger  dN(E)/dE  "fingerprints"  for 
these  covalently  bonded  solids  are  well  known.  However,  the  number  of  detailed 
quantitative  interpretations  of  these  line  shapes  is  somewhat  limited,  except  for 
Si.  which  was  considered  in  Sec.  II. B  and  for  SiO2.ramcorr,ranlslo^,207,2C'8?209* 
210  Several  papers  on  the  early  oxidation  of  Si  using  Auger  line  shape  analysis 
have  also  been  published  recently.211*212,213  For  the  C  KVV  line  shape,  several 
studies  have  appeared  for  graphite.Mousgrap.cinigrap  diamond. raiT>diu 
polyethylene, ramP°'y*214  SiC,215  and  amorphous  carbon.216,217  We  examine 


some  results  for  diamond  and  polyethylene  here. 

Fig.  21  shows  an  interpretation,  utilizing  eq.  6.  of  the  iine  shapes  from 
polyethylene  and  diamond. ^ayan.218'219. 220  Note  that  in  graphite  and 
diamond  no  initial-state-shake  satellites  or  resonant  satellites  are 
observed. Rarndia.Housgrap  The  absence  of  such  satellites  in  graphite  and 


diamond  arises  because  neither  the  shake  hole  nor  an  excited  electron  in  the 
initial  state  of  these  covalently  bonded  solids  stays  localized  near  the  core  hole  for 
a  time  sufficient  to  "witness"  or  participate  in  the  Auger  decay.  In  the  presence  of 
a  core  hole,  the  occupied  valence  band  DOS  of  diamond  indeed  does  not  exhibit 
any  bound  states. ^amP°*y  On  the  other  hand,  the  DOS  for  polyethylene  in  the 
presence  of  a  core  hole  does  exhibit  narrow  peaks  indicative  of  bound-like  states, 
consistent  with  the  kv-vvv  Satellite  observed.  Furthermore,  polyethylene  has  an 
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excitonic  level  as  seen  by  x-ray  absorption  (XAS)  and  electron  energy  loss  (EELS) 
data.221,222 

Comparison  of  the  aU’s  for  molecules  and  extended  solids  in  Table  3 
indicates  something  about  the  nature  of  the  screening  processes  in  these  covalent 
systems.  Note  that  the  zxU  for  the  CC-CC  contribution  increases  in  the  order 
cyclohexane  <  polyethylene  <  diamond.  This  can  be  understood  from  the 
definition  of  zs.U  =  U  |  [  -  U  j2-  For  very  short  screening  lengths,  one  might  expect 
both  U  1 1  and  U  12  to  be  reduced  substantially,  so  that  zxU  would  be 
decreased. Housgrap  por  jong  screening  lengths,  one  might  expect  U  12  to  be 
decreased  more  than  U  [  y.  having  the  effect  of  increasing  A.U.  Apparently  the 
latter  is  occurring  in  these  materials.  The  longer  chain  length  in  polyethylene  and 
full  three  dimensional  covalency  in  diamond  suggests  that  the  extent  of 
polarization  should  increase  in  the  order  cyclohexane  <  polyethylene  <  diamond. 
This  increased  polarization  then  has  the  effect  of  increasing  A.U.  For  the  alkenes. 
the  Ali's  are  all  the  same.  This  suggests  that  the  screening  length  is  much  shorter 
so  that  "full"  screening  already  occurs  in  ethylene.  This  is  consistent  with  the 
more  delocalized  w  electrons  in  the  alkenes. 

The  6  parameters  in  eq.  6  are  interpreted  as  the  delocalized  hole-hole 
repulsion. Ranihydc.dunlap  ^  sjze  0£  the  molecule  increases.  Tabie  3  shows 
that  6  decreases,  reflecting  the  ability  of  the  two  final  state  holes  to  stay  apart 
from  each  other  in  the  delocalized  molecular  orbitals.  Note  also  that  for  similar 
sized  molecules,  the  S  ‘s  for  the  alkenes  are  smaller  than  for  the  alkanes.  This 
may  reflect  the  increased  screening  due  to  the  rr  electrons.  Note  that  the  6 's  are 
zero  for  the  extended  soiids.  as  expected,  although  a  controversy  has  existed  for 
polyethylene  (the  problem  again  arose  from  energy  calibration  problems  which 
will  not  be  discussed  here).^yePolY > 223 
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F.  Metal  Silicides  and  Carbides 

In  contrast  to  the  extended  covalent  solids  mentioned  above,  an  enormous 
volume  of  work  has  been  published  on  the  study  of  the  metal  silicides  and 
carbides.  This  work  has  been  motivated  primarily  by  interfaciai-compound 
formation:  i.e.  metal/diamond  or  graphite  and  metal/Si  interfaces.  The 
technological  motivations  for  studying  these  interfaces  start  with  the  observation 
that  the  vast  majority  of  microelectronics  devices  are  currently  based  on  Si.  and  in 
the  future  increasingly  on  diamond  for  high  temperature  applications.  The  thrust 
to  employ  new  metallurgical  schemes  for  Schottkv  barrier  and  for  Ohmic  contacts 
to  Si  and  diamond  is  directed  toward  improvements  in  contact  stability  at  high 
device  density  and  in  device  performance.224 

Auger  spectroscopy  has  been  of  great  help  in  studying  these  interfaces  and 
for  understanding  the  electronic  structure  of  the  metal  compounds  formed. 
Theoretical  electronic  structure  calculations  indicate  a  qualitatively  similar 
bonding  for  almost  all  of  the  metal  silicides  and  carbides.225*226  An  example  of 
this  is  indicated  in  Fig.  22  (inset  1)  for  Pd4Si.^at*er  Generally  3  bands  are  found 
in  the  Si  or  C  DOS:  a  Si  3s  (or  C  2s)  band  at  8- 12  eV.  the  Si  3p-  metal  (or  C  2p- 
metal)  bonding  band  around  3-7  eV,  and  the  Si  3p-metal  (or  C  2p-metal) 
antibonding  band  around  0-3  eV  (the  latter  two  bands  are  sometimes  referred  to 
as  the  cr  and  tt  bonding  bands:  they  are  labelled  p  j  and  P2  in  Fig.  22).  The  p  j 
electrons  exist  in  molecular  orbitals  with  much  of  their  density  localized 
interatomically  between  the  Si  or  C  and  metal  nuclei.  The  P2  electrons  exists  in 
comparatively  well  delocalized  molecular  orbitals  largely  responsible  for  the 
metallic  conductivity  exhibited  by  many  of  the  silicides  and  carbides. Neckel 
These  two  bands  straddle  a  large  non-bonding  metal  d  band  not  shown  in  the 
inset:  although  recent  calculations  for  NiSi  indicate  that  this  band  has  extensive 
metai  d --metal- d  interaction  which  is  also  important  for  the  placement  of  the  Si  or 
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C  bands.227  It  is  this  large  metal  band  which  obscures  the  bonding  bands  in 
photoemission,  and  thus  makes  Auger  spectroscopy  so  uniquely  helpful  in 
observing  the  important  bonding  features  in  the  DOS. 

In  the  limit  of  the  one-electron  approximation  (i.e.  ■=  0),  the  C  K.VV  or 

Si  L23VV  Auger  spectra  should  reflect  the  DOS  self-fold,  consisting  of  the 
features  labelled  a*-e‘  in  Fig.  22.  These  features  have  been  identified  as  arising 
from  the  following:  a*-  ss,  b’  -  spi  +  SP2,  c’  -  p^p^  +  sp2,  d’  -  P1P2.  and  e’  - 
P2P2^a^er  AM  5  features  are  seen  in  the  experimental  Si  L23VV  spectrum  (Fig. 
22).  which  even  has  similar  intensities  as  those  in  the  self-fold.  This  is  in  sharp 
contrast  to  the  line  shape  for  elemental  Si  as  discussed  above  (Sec.  II1.B)  and 
strongly  indicates  that  the  3s  electrons  are  much  more  localized  in  the  silicides 
compared  with  Si,  where  they  are  involved  in  the  bonding. 

The  localization  of  the  3s  electrons  in  the  silicides  is  also  indicated  by  the 
results  in  Fig.  23  for  Ca2Si  and  CaS^.228  Here  again  the  DOS  self-fold  are 
compared  with  the  experimental  line  shapes.  Good  agreement  is  found  for  CaSi2 
but  not  for  the  Ca2Si  line  shape.  The  introduction  of  correlation  effects  utilizing 
the  Cirii  expression,  eq.  6.  with  USp  =  Uss  =  3  eV,  and  Upp  =  0  gives  excellent 
agreement  with  experiment.  This  indicates  again  the  strong  localization  of  the  s 
orbitals,  and  increasing  localization  with  increased  Ca  content,  as  one  might 
expect.  Furthermore,  comparison  with  other  data  suggest  similar  localization  in 
Mg2Si229,  and  apparently  also  in  Yb/Si. 230,231  In  contrast.  Si  L23VV  line 
shapes  from  silicides  formed  with  transition  metals  (e.g.  Ti,232  Ni,233  Pt.234 
Cu. 235.236,237  A i #  2 3 8  ir<239  y240  and  Au241)  do  not  show  large  hole-hole 
repulsion  effects. 

These  trends  in  the  silicides  are  remarkably  similar  to  those  in  the  carbides. 
Fig.  24  shows  C  KVV  dN(E)/dE  fingerprints  for  several  metal  carbides  as 
indicated.242  Detailed  interpretations  of  the  TiC,  NbC, 243 '  244  BC.245 
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VC.246,247  and  TaC248  line  shapes  reveal  that  the  5  features  arise  from  the  ss, 
spi  +  sp2  (singlet)  spj  +  sp2  (triplet),  pjp^.  and  p^P2  +  P2P2  contributions. 

Note  that  the  derivative  fingerprints  show,  as  one  proceeds  from  the  upper  left  to 
the  lower  right,  a  decreasing  singlet-triplet  splitting,  an  increasing  intensity  of  the 
highest  energy  feature  resulting  from  the  P2  DOS,  and  a  decreasing  ss  and  sp 
localization.  Perhrsson  et  al  have  shown  that  these  changes  can  be  correlated  with 
the  enthalpy  of  formation  (zxH)  of  the  metal  carbides. Pehrsson  The  magnitude  of 
the  singlet-triplet  splitting  in  the  sp  contribution  is  sensitive  to  the  degree  of 
orbital  localization,  since  the  more  compact  the  orbitals,  the  greater  the 
interaction,  and  hence  the  greater  the  splitting.  zxH  is  a  measure  of  the  ionicity  of 
the  C-M  bonds  in  the  carbides,  so  one  might  expect  U  to  increase  with  aH. 

The  high  energy  shoulder  seen  in  the  C  KVV  line  shape  for  the  carbides  and 
the  Si  L23VV  line  shape  for  the  silicides  is  similar  to  the  high  energy  shoulder 
visible  in  the  O  KVV  and  N  KVV  Auger  line  shapes  for  many  other 
materials.249-250 ' 251  At  ieast  six  different  mechanisms  have  been  postulated 
for  its  presence.  These  can  be  summarized  as  follows: 

1)  interatomic  Auger  transitions,, 

2)  hole-hole  correlation  effects, 

3)  electron  transfer  or  core-hole  screening. 

4)  shake  satellites. 

5)  band  splitting  due  to  covalent  interactions,  and 

6)  chemical  shifts  due  to  different  species  present. 

The  first  two  of  these  can  be  classified  as  final-state  effects.  3)  and  4)  as  initial- 
state  effects,  arid  5)  and  6)  as  chemical  environment  effects.  Fuii  descriptions  of 
these  mechanisms  have  been  given  elsewhere  previously.  ^amrev 

Of  these  six  mechanisms,  the  band  splitting  mechanism  for  the  carbides  is 
currently  favored  based  on  the  results  summarized  above.  However,  we  can  not 
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completely  eliminate  the  hole-hole  correlation  effects  mechanism,  favored  for  the 
transition  metal  oxides  and  previously  suggested  for  the  carbides. RamASS 
Recent  cluster  calculations  modelling  the  O  KVV  line  shape  for  Ag20  using  a 
Slater- Koster  type  Hamiltonian  (Fig.  25)  shows  the  familiar  high  energy 
shoulder.TJen£  This  broad  shoulder  from  5  to  11  ev  arises  from  hybridization  of 
the  localized  state  with  states  having  one  hole  on  one  oxygen  and  another  on 
either  silver  or  on  a  different  oxygen  atom  (i.e.  from  delocalized  states).  Cluster 


calcuiv  V  ns  modelling  the  O  KVV  line  shape  for  Si02  produced  similar 


results.^’11*31 


si 


From  the  Cini  perspective,  the  pp  contribution  undergoes  a  large 


Cini-Sawatzkv  distortion  so  that  the  shoulder  reflects  the  DOS  self -fold,  and  the 


principal  peak  results  from  the  more  localized  states.  The  correlation  of  the 
shoulder  intensity  with  the  heat  of  formation  across  the  carbide  series  is  also 
consistent  with  this  mechanism. 


G.  Metal  Chalcogenides  and  Halides 

The  Auger  spectra  of  metal  chalcogenides  and  halides  have  been  published 
many  times  over  the  years.  Recent  efforts  include  work  on  Cl/Ag,252 
TiC^.2^3,254  Zr\$P2'255  -y-Fe^iN.256  sulfide  minerals,257  SO2,  O2.  and 
H 20/Li. 258  O/NiAl. 259  various  La  compounds,260  MxTiS2  intercalation 
compounds.261  Fe2Ti40,262  and  Cu/ GaP.263  Much  of  this  Auger  data  provides 
information  on  coverage  at  a  surface,  or  stoichiometry  in  the  bulk,  and  perhaps 
some  bonding  information.  However,  the  Auger  spectra  of  these  generally  ionic 
materials  camprovide  more  fundamental  information,  such  as  direct  evidence  for 
the  ultimate  fate  of  the  shake  excitations  upon  creation  of  the  core  hole. 

Within  the  sudden  approximation,  XPS  data  reflect  the  core-hole  state 
shortly  after  its  creation,  sav  within  10"  ^  sec.264  We  note  that  shakeup  states 
with  lifetimes  significantly  shorter  than  this  will  not  be  visible  in  XPS.  because 
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they  relax  before  the  photoemission  event  is  complete.  Well  after  10*  ^  sec.,  the 
core  level  decays  via  the  AES  or  XES  process,  with  considerable  relaxation 
occurring  in  the  interim. 

Evidence  for  relaxation  of  the  charge  transfer  shakeup  excitations  before 
Auger  decay  in  Q1X2  and  the  Cu  oxides  is  clearly  evident  from  Figs.  26.  The 
primary  2p  -ld10L-l 

core-hole  state  produces  the  principal  peak  in  the  Cu'L-23 
XPS  spectrum  (not  shown  here).  The  notation  indicates  that  one  hole  exists  on 
the  ligand  (L)  leaving  10  electrons  in  the  Cu  3d  shell.  The  XPS  data  also  reveal  a 
satellite  arising  from  a  2p'  ^  "charge  transfer"  shakeup  state.  The  primary  core¬ 
hole  state  decays  to  a  d^L*1  Auger  final  state  in  the  Cu  L3VV  case  and  to  a  d^3p* 

state  in  the  L3M23V  case. 265 

Auger  satellites  are  known  to  arise  from  the  L3V-V  V  V  or  L3V-M23V  V 
processes,  respectively,  the  L3V  initial  states  resulting  either  from  Coster-Kronig 
decay  of  the  and  L2  core-holes  (Lj-L^V  and  L2L3V)  or  from  direct  shakeoff 
during  the  initial  L3  core-hole  creation  (coincident  Auger  studies  verify  these 
processes,  see  Fig.  28  and  Sec.  IV.B1:).  These  processes  can  account  for  an  Auger 
satellite  with  intensity  of  0.7  relative  to  the  main  peak  in  the  Cu  and  CU9O  line 
shapes. Ramhtscl  It  has  been  indicated  that  the  charge  transfer  shakeup  2p"  *d^ 
states  responsible  for  the  XPS  satellites  in  Cu2  +  materials  decay  to  d^  states  and 
hence  will  add  to  the  Auger  satellite  intensity.266, 267,268  However,  while  the 
relative  intensity  of  the  XPS  satellites  grows  from  0.45  for  CuBr2  to  0.8  for 
CuF2,vant*er*aan  Fig.  26  shows  no  change  in  Auger  satellite  intensity  for  the 
CuX2,  or  even  between  Cu.  Q12O,  and  CuO. 

The  above  results  indicate  that  all  of  the  charge  transfer  shakeup  states 
must  relax  before  the  core^hoie  decay.269  This  is  not  unexpected  within 
relaxation  theories,  because  the  shakeup  excitation  energy  is  much  larger  than  the 
core-level  width. 270  in  contrast,  the  additional  valence-hoie  states  resulting  from 
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Coster-Kronig  decay  and  shakeoff  do  not  dissioate  before  decay,  because  the 
extra  hole  is  apparently  bound  on  the  local  CuOn  cluster.ram^tsc^  However,  for 
CO/Cu(  1 1),  Chen  et  al  concluded  that  all  shake  excitations  (both  shake-up  and 
shake-off )  relax  before  the  Auger  decay.271  Near  a  metal  surface,  the  metal  to 
CO  charge  transfer  is  apparently  much  faster  than  charge  exchange  between 
CuOn  clusters  in  CuO. 

H.  High  Temperature  Superconductors 

Since  the  discovery  of  the  copper  oxide  based  high  temperature 
superconductors  (HTSC)  several  years  ago,  a  deluge  of  electron  spectroscopic 
data  on  these  materials  has  appeared.  Cu  L3VV  and  O  KVV  Auger  line  shapes  on 
La^g5(SrBa)()  15C11O4'272  YBa2Cu307_y  (commonly  called  the  123 
material)273*274*275,276*277  and  on  Bi2CaSr2Cu20g+tj  (commonly  called  the 
2  i22  material  )2V8,279,280  have  been  r€Sp0rted.  Because  of  the  surface  sensitivity 
of  AES.  specific  care  must  be  taken  to  maintain  sample  purity,  reduce  beam 
damage,  and  limit  O  depletion:  indeed,  some  of  the  early  work  had  severe 
problems  with  O  depletion,  particularly  with  the  123  material. ^,tsc 

Comparison  of  the  HTSC  Auger  line  shape  with  similar  line  shapes  for  CuO 
and  CU2O  (such  as  those  in  Fig.  26)  have  been  very  helpful  to  ascertain  something 
about  the  electronic  structure  and  about  the  U  parameters  in  the  HTSC 
materials. ghijsen.tjeng,28l.282  Note  the  larger  satellite  in  the  Cu  L3VV  iine 
shape  for  the  Bi  22 12  HTSC  material  compared  with  CuO  and  CU2O  in  Fig.  26. 
These  line  shape  studies  reveal: 

1 )  that  the  local  electronic  structure  around  the  Cu  and  O  atoms  is 
not  dramatically  different  from  the  conventional  oxides, 

2)  that  Cu  +  *?  is  not  present,  but  rather  the  effective  valence  of  Cu  is 
somewhere  between  Cu+  1  and  Cu-1'^  (i.e.  the  Cu-O  bond  is  more 
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covalent  in  the  HTSCs  than  in  CuO),  and 
3)  that  some  line  shape  changes  can  be  correlated  with  Tc.a^tsc 
One  of  the  parameters  that  may  be  critical  to  the  superconducting 
mechanism  is  Upp,  the  Coulomb  interaction  on  the  O  atom.  Values  from  4  to  14 
have  been  reported  (see  reference  Ramhtsc2for  a  summary  of  the  theoretical  and 
experimental  estimates).  The  O  K.VV  AES  line  shape  rather  directly  reflects  Upp 
for  CU2O,  since  the  dQj-po  valence  band  is  initially  filled  in  CU2O  leaving  a  two- 
hole  final  state.  Table  4  indicates  a  value  of  around  5  eV  (4.6  to  5.7  eV)  for 
Upp.8^1*isen’tien8  The  Auger  data  for  CuO  and  the  HTSCs  is  not  so  easily 
interpreted,  because  now  the  valence  d-p  band  initially  has  one  hole  per  CuO  unit 
leaving  a  three-hole  final  state  after  the  Auger  decay.  In  this  case  the  Cini 
expression  is  not  rigorously  valid. 

In  spite  of  these  problems,  many  interpretations  of  the  O  KVV  line  shape 
for  several  transition  metal  oxides  using  the  Cini  model  have  appeared  in  the 
literature.  The  Upp  values  obtained  are  indicated  in  Table 
4.283 , 284 , 285 , 286.287,288,289  These  qualitative  U’s  indicate  some  very 

revealing  points.  First,  the  d  electron  count  is  apparently  very  important  in 
determining  Upp,  probably  because  the  d  electrons  help  to  screen  the  hole-hole 
repulsion  on  the  O  atom.  Those  oxides  with  no  d  electrons  have  Upp  values  in  the 
range  of  10-14  eV.  Those  oxides  with  partially  filled  d-bands  have  Upp  values  in 
the  range  3-6  eV.  and  those  with  filled  d  bands  have  Upp  values  around  1 1  eV 
except  for  CU2O.  Obviously  the  d  electrons  are  very  effective  screeners  of  two  O  p 
holes  when  they  are  more  mobile  (i.e.  when  the  d  band  is  not  filled). 

In  CU2O  axiifferent  screening. mechanism  is  apparent.  as  suggested  bv  the 
much  reduced  Upp  for  CU2O  compared  with  the  other  filled  d-band  oxides.  The 
filled  and  expanded  3d  shells  in  the  Cu  * +  atoms which  surround  the  oxygen  are 
apparently  uniquely  polarizable,  and  thus  decrease  Upp  significantly.  O  K 
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XANES  data  suppoit  this  interpretation,  since  exitonic  effects  are  also  strongly 
reduced  for  C112O  compared  with  CuO.290  Therefore  a  larger  Upp  is  anticipated 

for  CuO  and  the  HTSC's.  compared  with  CU2O;  probably  something  around  6-8 
ey  ramjes 

III.  THE  FUTURE -NEW  DIRECTIONS 

The  review  above  of  several  areas  where  Auge*  *  ie  shape  interpretation 
has  provided  considerable  insight  into  localization,  charge  transfer,  polarization, 
and  screening  processes  should  convince  many  readers  that  the  results  obtainable 
from  this  approach  are  worth  the  effort.  However,  Auger  line  shape  analysis  has 
not  realized  its  full  potential  because  a  quantitative  interpretation  is  still  a 
formidable  task  in  view  of  the  many  simultaneous  processes  and  the  many-body 
effects  reflected  in  the  total  line  shape.  As  mentioned  above,  just  the  extraction 
of  the  line  shape  (i.e.  removal  of  the  background  and  inelastic  losses)  is  not  an 
easy  task.  Oneway  to  simplify  these  two  tasks  is  to  limit  the  number  of  variables 
or  to  limit  the  number  of  simultaneous  processes.  I  believe  this  is  the  direction  of 
the  future  for  AES.  and  that  much  progress  will  be  made  in  this  area  in  the  coming 
years.  Below,  I  will  outline  several  areas,  and  give  several  examples,  where 
controlling  some  of  the  variables  greatly  eased  the  tasks  required  for  quantitative 
interpretation  of  the  line  shape,  and  in  some  instance  provided  significant  new 
insights. 

A.  Controlling  the  Background  and  Inelastic  Loss 

Sec.  LI.A-lc.  mentioned  two  ways  to  experimentally  nearly  eliminate  the 
magnitude  of  the  background  and  inelastic  loss  contributions;  namely  by  positron 
induced  AES  (PAES),  or  by  coincident  techniques.  An  example  of  the  former  is 
given  here,  and  coincident  techniques  are  discussed  in  a  different  context  below. 
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Fig.  27  compares  Cu  1M23VV  Auger  data  induced  by  electron  (EAES)  and 
positron  excitation  (PAES).Weissl  ,291>292  It  dramatically  reveals  the  strong 
reduction  of  the  background  in  PAES.  The  incident  beam  energies  were  3  KeV 
and  25  eV  for  the  electron  and  positron  beams,  respectively.  Secondary  electrons 
cannot  be  created  through  collisionai  processes  with  energies  in  excess  of  the 
beam  energies,  hence  the  secondary  electron  contribution  drops  essentially  to 
zero  beyond  25  eV  in  the  PAES  spectrum.  Similar  spectra  taken  with  overiayers 
of  S  and  Cs^eiss.293  reveal  that  95%  of  the  Auger  intensity  arises  from  the 
topmost  atomic  layer  of  the  Cu  surface.  This  is  because  the  positrons  are  trapped 
in  the  image  potential  induced  at  the  surface.294  This  surface  sensitivity  should 
drastically  reduce  the  extrinsic  inelastic  loss  contribution.  The  presence  of 
considerable  intensity  remaining  around  40  eV  in  the  PAES  spectrum  of  Fig.  27. 
may  in  fact  arise  from  intrinsic  loss  processes,  such  as  shakeoff.  A  shift  of  neariv  6 
eV  to  lower  kinetic  energy  in  the  PAES  data  compared  to  the  EAES  data  may 
arise  from  increased  hole-hole  repulsion  near  the  surface  compared  with  the  buik. 
Thus  PAES  data  may  provide  significant  new  information  on  intrinsic  shakeoff 
processes  and  localization  near  metal  and  other  surfaces. 

The  relatively  high  efficiency  with  which  positrons  generate  low  energy 
Auger  lines  combined  with  the  low  background  permit  Auger  spectra  to  be 
obtained  with  energy  doses  of  TO"'5  times  less  than  those  necessary  for  EAES.  This 
may  allow  PAES  data  to  be  obtained  on  systems  highly  susceptible  to  beam 
damage.  Finally,  recent  data  suggest  that  the  positrons  annihilate  core  electrons 
preferentially  near  surface  defects  or  impurity  sites.295  This  may  allow  new 
unique  studies  of  the  electronic  structure  occurring  near  such  defect  sites, 
information  of  great  interest  in  the  electronics  industry. 


B.  Controlling  the  Initial  State 


Ramaker  56 


We  have  emphasized  in  this  review  the  significant  contributions  due  to 
satellites  arising  from  initial  and  final  state  shakeoff,  shakeup,  resonant 
processes,  and  Coster-Kronig  transitions.  These  simultaneous  processes  make 
interpretation  of  the  total  line  shape  much  more  difficult.  Controlling  the  initial 
state  helps  to  confine  some  of  these  processes. 

1.  The  APECS  Technique 

Auger-photoelectron  coincidence  spectroscopy  (APECS)Haak  allows  one  to 
limit  or  control  the  initial  state  in  the  Auger  process.  By  counting  only  those 
Auger  electrons  which  arrive  in  coincidence  with  photoelectrons  of  specific 
kinetic  energy,  the  initial  state  is  uniquely  determined,  thus  controlling  the 
magnitude  of  various  satellites.296  Recent  work  on  Ar,  297  GaAs,®artyns*<'  and 
TaC.  Hulbert  have  appeared. 

Fig.  28  shows  the  APECS  spectrum  for  the  L23M45M45  line  shape  of  Cu  in 
coincidence  with  the  L  j,  L2.  and  L3  lines.298  Also  shown  is  the  total  Auger 
spectrum  for  comparison.  Note  that  the  inelastic  loss  contributions  are 
substantially  reduced  compared  with  the  AES  line  shape  because  in  APECS. 

Auger  electrons  which  have  suffered  inelastic  collisions  on  their  escape  from  the 
sample  will  not  arrive  in  coincidence  with  the  photoelectron.  The  satellites  due  to 
the  Coster-Kronig  process  are  uniquely  separated  from  the  L3  Auger 
contribution,  and  the  L2  and  L3  Auger  contributions  are  also  clearly  separated. 
This  separation  allows  the  "delocalized”  portion  of  the  L3  Auger  signal  around 
927  to  be  clearly  visible,  as  well  as  the  ^S  multiplet  around  912  eV  in  the  localized 
portion. 

2.  The  -DES-tec-hnique 

A  second  way  of  controlling  the  initial  state  is  by  utilizing  a  tunable  photon 
source,  such  as  a  synchrotron,  to  resonantly  excite  a  core  electron  into  a  bound 


state. 
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M—  M[c-V|.  (14) 

The  excited  electron  can  then  either  participate  in  the  Auger  decay 

M[c'l«£]  -*■  M  +  [v*l]  +  e‘  (15) 

or  be  a  spectator  to  the  Auger  decay  of  the  core  hole 

M[c-1<£]  M+ [v'ly  ' '!<?!>]  +  e'.  (lb) 


This  technique  has  been  called  de-excitation  electron  spectroscopy  (DES).299 
The  initial  state  can  in  fact  also  be  controlled  utilizing  a  coincident  electron 
technique.  In  this  case,  the  Auger  electron  is  collected  coincidentally  with  the 
scattered  electrons,  of  fixed  energy  loss  and  fixed  low  scattering  angle.  In  this 
coincident  procedure  the  electron  beam  mimics  an  incoming  photon  beam. 

The  DES  technique  has  been  used  extensively  for  free  molecules300*301* 
302.303,304 ,305  ant]  for  small  molecules  chemisorbed  on  surfaces.c^en^os 
.306.307  jn  the  free  molecule,  resonant  excitation  into  a  tt  level  generally  results 
in  a  spectrum  reflecting  the  occupied  one-electron  DOS  of  the  molecule.  For  an 
adsorbate,  the  excited  electron  may  escape  before  the  Auger  decay,  resulting  in 
essentially  the  normal  kvv  spectrum.  The  DES  technique  has  also  been  used  in 
solids,  such  as  in  Ni.308  and  recently  in  Si.  where  it  has  been  used  to  emphasize 
surface  effects  as  opposed  to  bulk  contributions. ^/,°*cl*c  Excitation  into  various 
excitonic  levels  in  insulators  also  enables  one  to  obtain  information  on  the  nature 
of  Z  +  1  defects  sites. 

As  an  example  of  DES  data,  Fig. 29  shows  electron  and  nonresonant  photon 
(A1  Kq,  x-rays)  excited  Auger  (EAES  and  XAES)  data  along  with  DES  data  for  the 
O2  molecule.309  The  DES  data  in  Fig.  29  were  obtained  utilizing  the  coincident 
electron  technique;  however,  recently  Lapiano-Smith  ct  al  also-presented  very 
similar  photon  excited  data  for  O2  gas310,  and  Chen  et  al  for  solid  O2.311 
Detailed  interpretations  of  these  data  along  with  calculations  have  recently  been 
reported  for  this  molecule.312’313  The  normal  Auger  v'^  features  actually 
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extend  to  much  lower  kinetic  energy  than  shown.  The  nonresonant  XAES 
spectrum  reveals  features  resulting  from  shakeup  (l^rg**  l*ru)  around  504  and 
506.5  eV.  The  EAES  spectrum  reveals  additional  features  around  507,  5  1 1,  and 
5  18  eV  resulting  from  resonant  excitations,  ls'^l^rg.  These  same  features  may  be 
present,  but  with  much  reduced  intensities,  in  the  XAES  data.  There  appearance 
in  the  XAES  data  arises  because  of  secondary  electrons  with  energy  significantly 
greater  than  the  Is  binding  energy.  The  features  above  509  eV  in  all  three  spectra 
arise  from  the  process  in  eq.  15:  namely  when  the  resonantly  excited  electron 
participates  in  the  Auger  decay.  Those  features  below  509  eV  in  the  DES 
spectrum  arise  predominantly  from  when  the  resonantly  excited  electron  is  a 
spectator  to  the  Auger  decay  {eq.  16). 

Sambe  and  Ramaker  have  successfully  interpreted  the  resonant 
contributions  above  5  10  eV  by  making  comparison  with  PES  data  on  the  basis  that 
the  separation  between  peaks  in  the  v'*  DES  final  state  and  the  v'1  PES  final  state 
should  be  nearly  identical. sambe  Carrol  and  Thomas  showed  that  the  AES  and 
entire  DES  profiles  are  very  similar  except  for  a  11.4  eV  energy  shift. t^omas 
Carroll  and  Thomas  argue  that  the  normal  AES  profile  above  498  eV  is  dominated 
by  l?r y'  *v' 1  final  states,  and  that  one  cannot  distinguish  between  the  resonantly 
excited  Itt-^  electron.  and  the  two  original  lTt-^  electrons.  Thus,  the  entire  DES 
spectrum  can  be  considered  as  a  two-hole,  one-electron  spectrum.  Since  the  extra 
electron  screens  the  hole-hole  repulsion,  the  DES  spectrum  is  shifted  by  1 1.4  eV 
from  the  AES  for  O2  gas.  but  by  only  about  2  eV  in  solid  C>2.^en  This  difference 
between  the  gas  and  solid  phase  data  arises  because  of  large  intermolecular 
screening  which  reduces  the  U  in  the  2-hoie  AES  final  state  in  solid  Cb*  This 
intermolecular  screening  is  much  less  significant  in  the  2-hole,  1-electron  DES 
final  state  because  of  the  resonantly  excited  electron.  The  separation  between  the 
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participator  and  spectator  contributions  depends  on  the  binding  energy  of  the 
electron  in  the  excited  bound  state.314 

C.  Controlling  the  Spin  Polarization 

By  measuring  the  spin  polarization  of  the  Auger  electrons  one  gains 
additional  information  about  the  possible  process  which  caused  them  315  Spin 
polarized  AES  (SPAES)  thus  has  two  aspects;  namely  it  assists  in  interpreting  the 
the  normal  N(E)  spectra  and  it  has  the  potential  to  provide  useful  information  in 
surface  magnetism.  Fig.  30  shows  an  example  of  the  former  capability  tor  the 
M23M45M45  Auger  line  shape  from  Fe(  100).316  Shown  in  Fig  30  is  the  normal 
Auger  signal  (here  indicated  as  I)  and  the  effective  spin  polarization  Peff  =  P0  + 
(P-P0)I/(I-I0)  where  the  polarization  P  =  (nt  -  n-i-  )/(nt  +  n4- )  [nt(n4- )  is  the 
number  of  electrons  with  the  spin  parallel(opposite)  the  magnetization  of  the 
sample],  and  P0  and  I0  are  the  polarization  and  Auger  intensity  in  the  background 
region.  The  leading  peak  in  I  around  42  eV  is  the  main  line  leaving  the  d"^ 
configuration.  The  M23e-V  satellite  around  5  leV  (see  eq.  15)  and  above  the  M23 
threshold,  is  the  well-known  autoionization  satellite  with  final  d'  ^  configuration. 
The  autoibnization  emission  is  strongly  polarized,  but  not  as  strongly  as  a  very 
weak  satellite  around=64  eV.  The  source  of  the  Auger  gain  satellite  is  not  known 
exactly,  but  its  extremely  high  polarization  restricts  it  source  Allen 
SPAES  data  has  been  published  recently  for  0/Fe(  LOO),317 
Gd/Fe(100),318  and  Fe/Au(  100),319  providing  exciting  new  data  on  the 
magnetic  coupling  between  different  metals  at  a  surface.  Significant  conclusions 
were  reached  without  detailed  understanding^  the  Auger. processes  involved. 
Clearly  more  theoretical  work  is  required  in  this  area  before  detailed  magnetic 
applications  can  be  accomplished.  I  expect  much  more  progress  in  this  area  in  the 
near  future. 
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D.  Controlling  the  Angle  of  Escape 

Recently,  strong  angular  variations  in  the  Auger  line  shapes  of  adsorbed 
molecules  have  been  observed. 320<321  These  can  be  explained  by  applying 
selection  rules  derived  from  simple  symmetry  considerations.  The  angular 
variations  are  of  significant  help  in  determining  the  correct  assignment  of  some  of 
the  fine  structure  in  the  line  shape.  Furthermore,  it  provides  direct  evidence  for 
the  angular  orientation  of  the  molecule  on  the  surface.  Recent  studies  have  been 
reported  on  CO/Ru(()()l)  and  NO/Ni(lll).Umbach’322 

Fig.  31  gives  an  example  of  the  data  for  the  coadsorbed  system, 

CO  +  K/Ru(OOi).323  iVlany  different  models  have  been  suggested  to  explain  the  K 
induced  effects  on  the  CO  bonding  ranging  from  pure  enhanced  2p  back  donation 
to  the  formation  of  ionic  K-CO  salts.  Some  models  postulate  a  lying  down  tv- 
bonded  CO  or  a  strongly  tilted  CO  configuration.  The  angular  dependence  of 
peak  4  arising  from  the  4e  [  1  b  y  final  state,  and  comparison  with  model 
calculations  in  Fig.  31  indicate  quite  clearly  that  the  CO  is  vertically  bonded  to  the 
surface.  Further  interpretation  indicates  that  its  valence  orbitals  are  rearranged 
by  the  presence  of  coadsorbed  K.wurbt’324 

Use  of  angular  variations  in  Auger  line  shapes,  although  quite  rare  to  date, 
should  have  considerable  potential.  Angle  resolved  Auger  data  for  graphite  also 
showed  considerable  variation  with  angle.325  >  326  Recently,  initial  results  have 
been  reported  where  both  the  incident  angle  of  the  primary  electron  beam  and  the 
collection  angle  of  the  Auger  electrons  are  varied  independently.327,328  Both 
angles  strongly  influence  the  surface  sensitivity  of  AES.  The  angular  variation  of 
Auger  spectra  for  K/Si(()01),329  Cu/Ni,330  and  0/Mg331  were  also  recently 
reported,  where  the  data  was  utilized  to  determine  the  adsorbate  sites  on  the 
surface.  These  latter  studies  relate  to  electron  scattering  after  the  Auger  event. 
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but  1  anticipate  more  effort  in  the  future  on  the  changes  of  the  intrinsic  line 
shapes  with  angle  as  well. 

E.  Extending  the  Theory 

In  this  section  I  want  to  assess  the  current  theory,  it  limitations,  and  areas 
where  further  work  is  urgently  needed.  It  goes  without  saying,  that  ones 
perspective  is  different  than  anothers,  so  that  I  may  be  a  bit  biased  in  my 
assessment.  My  bias  leans  toward  building  a  balanced,  semi-empirical, 
convenient  approach,  that  can  be  utilized  for  a  wide  variety  of  materials  of 
technological  interest.  We  know  that  a  complete  solution  of  Schrodinger's 
equation  for  a  two-hole  final  state  in  a  molecule  or  cluster  gives  an  excellent 
interpretation  of  the  Auger  line  shape.  But  this  approach  is  inconvenient,  and  can 
only  be  performed  on  the  simplest  of  molecules.  If  the  interpretation  of  Auger 
line  shapes  is  ever  going  to  provide  a  convenient  and  useful  means  of  extracting 
electronic  structure  information  on  a  wide  range  of  materials,  a  theory  must  be 
provided  which  is  widely  applicable,  convenient  to  use.  and  balanced  with  regard 
to  its  validity  and  fundamental  justification.  Considerable  progresses  been 
made,  but  much  remains  to  be  done. 

1.  Atomic  Auger  Matrix  Elements 

A  discussion  of  atomic  Auger  matrix  elements  was  given  in  Sec.  II. C2.  Fig. 

8  and  similar  plots  for  other  Auger  transitions  clearly  indicate  that  one-electron 
calculations  are  not  adequate  to  evaluate  these  elements.  These  same  figures 
suggest  that  the  relative  values  of  these  matrix  elements  are  surprizingly  constant 
with  nuclear  charge  Z,  and  that  no  verifiable  difference  exists  between  atoms, 
molecules,  and  solids  (some  investigators  may  differ  particularly  on  the  latter 
point).  Nevertheless,  many  investigators  continue  to  perform  sophisticated 
calculations  to  obtain  the  DOS.  and  then  calculate  the  matrix  elements  within  the 
one-electron  model.  In  my  opinion,  this  is  an  unbalanced  approach  (i.e.  accurate 
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DOS  but  widely  inaccurate  matrix  elements)  which  can  easily  be  corrected  by 
utilizing  the  semi-empirical  matrix  elements.  Although  the  paper  by  Jennison 
strongly  warns  against  using  matrix  elements  calculated  from  one  basis  set  along 
with  wavef  unctions  calculated  from  another,  Jennison  was  utilizing  nonlocal 
Wannier  functions  for  the  wavefunctions  and  local  Slater  orbitals  for  the  matrix 
elements. JenPRL  Most  DOS  are  obtained  utilizing  local  basis  sets,  or  obtained 
semiempirically  as  described  above  (Sec.  II. B2),  and  experience  on  a  wide  variety 
of  systems  has  indicated  that  the  semi-empirical  matrix  elements  are  quite 
adequate.  The  apparent  problem  with  the  Si  L23VV  line  shape  in  elemental  Si 
arises  from  other  causes  (see  Sec.  I1I.B). 

2.  Vibrational  Widths 

Vibrational  widths  are  a  big  problem  in  molecules;  and  although  not  as 
evident  in  solids,  vibrational  broadening  certainly  is  present  here  also.  As 
discussed  in  Sec.  II.B3.  the  problem  with  widths  is  acute  only  when  they  are  totally 
ignored,  sometimes  causing  the  presence  of  satellites  to  be  unrecognized.  No 
simple  theory  exists  for  calculating  the  vibrational  widths,  but  the  problem 
identified  above  can  be  eliminated  by  broadening  the  "bar"  diagrams  or  utilizing 
an  empirical  DOS  as  describe  in  Sec.  II. B2.  They  are  not  a  major  problem  when 
considering  solids. 

2.  Satellitc-s 

The  importance  of  "manv-body"  satellites  has  been  increasingly  recognized, 
particularly  for  free  molecules  but  also  in  extended  solids.  Nevertheless,  many 
investigators  still  insist  on  ignoring  them.  Although  these  satellites  may 
complicate  the  interpretation  of  the  line  shape,  they  provide  valuable  and  unique 
information  on  charge  transfer,  screening,  and  localization.  Better  techniques 
must  be  developed  for  generating  line  shapes  for  these  satellite  contributions. 

4.  Correlation:  Application  of  the  Cini  expression 
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The  Cini-Sawatzky  expression  has  been  the  basis  for  our  understanding  of 
correlation  in  Auger  line  shapes.  It  has  been  utilized  with  surprising  success  for 
metals,  insulators,  semi-conductors,  and  for  molecules.  But  its  application  is  only 
fully  justified  for  completely  filled  nondegenerate  bands.  What  are  its  exact 
limitations? 

i.  Materials  with  Unfilled  Bands 

Some  theoretical  work  has  been  reported  for  initially  unfilled  bands  by 
Treglia  et  al,tre8^a  Cini  et  al332/333*334  and  Liebsch.335  We  briefly 
summarize  some  of  this  work.  According  to  Treglia  et  al.,  the  Cini  equation  is  still 
applicable  for  nearly  filled  bands  (i.e.  low  hole  density);  however.  cr(E)  must.now 
include  the  self-energy  effects.  In  this  prescription.  o-(E)  might  be  determined 
from  the  measured  photoemission  spectrum  which  includes  static  and  dynamic 
screening  effects,  etc.  (the  latter  introduces  satellite  contributions).336  Cubiotti 
et  al.  applied  the  model  of  Treglia  et  al.  to  consider  the  XVV  spectra  of  several 
alloys:  unfortunately,  they  did  not  compare  their  results  with  experiment  to  verify 
their  findings.337  However.  Cini  et  al.  suggest  that  within  the  ladder 
approximation,  the  undressed  or  bare  one-hole  propagator  is  more  appropriate 
(this  has  become  known  as  the  bare  ladder  approximation,  BLA).cinvert^0Z  Cini 
has  concluded  for  Pd^ini  above  and  graphite338,  both  possessing  unfilled  bands, 
that  the  Cini  expression  can  satisfactorily  be  utilized  with  the  undressed  DOS, 
provided  zxU  is  treated  as  a  parameter  to  give  an  optimum  fit  to  experiment,  and 
the  correlation  effects  are  small.  Apparently,  the  two  holes  tend  to  interact  more 
as  bare  holes  because  the  size  of  their  screening  clouds  is  larger  than  the  range  of 
hole-hole  repulsion.  Bennet  et  al.b^nnet  have  introduced  a  procedure  which 
removes  any  photoemission  satellite  contributions  so  that  the  undressed  DOS 
might  be  approximated  empirically  assuming  the  remaining  static  screening 
effects  are  relatively  small. 
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To  understand  some  of  the  problems  which  arise  for  unfilled  bands. 

Sawatzky  has  presented  a  revealing  illustration  as  shown  in  Fig.  32.339  Sawatzky 
considers  a  lattice  of  H  atoms  with  U  >  >  W  for  the  Is  electrons.  This  is  then  a 
ferromagnetic  system  with  one  electron  on  each  atom  in  the  majority  spin 
configuration  and  a  small  number  of  minority  spins  added  as  shown  (i.e.  the  band 
is  slightly  greater  than  half-filled).  The  schematic  dressed  (or  correlated)  DOS 
and  photoelectron  spectrum  for  this  system  is  then  shown,  along  with  a  self-fold  of 
the  PES  to  approximate  the  AES  profile  (this  approach  is  consistent  with  the 
theory  of  Tregiia  et  al.).  The  expected  AES  .spectrum  is  also  shown  assuming  that 
two  localized  holes  can  only  be  produced  in  those  initial  states  containing  two 
electrons  per  atom.  Therefore  nearly  all  the  Auger  spectral  weight  occurs  around 
a  binding  energy  of  U.  in  sharp  contrast  to  the  self -fold  of  the  correlated  DOS. 

Fig.  32  reveals  that  a  straight  forward  application  of  the  Cini  expression  to 
the  occupied  "dressed"  DOS  self-fold  does  not  account  for  the  spectrum,  and  at 
best  gives  a  negative  U  value.  Perhaps  the  self-fold  of  the  correlated  DOS 
includes  the  effects  of  U  twice,  and  the  negative  U  in  the  Cini  expression  is  simply 
undoing  this  error.  Whatever  the  case,  as  suggested  by  Cini's  BLA  approach,  it  is 
better  to  consider  the  uncoirelated  DOS.  The  uncorrelated  DOS  in  Fig.  32  would 
have  a  band  symmetrically  situated  around  Ef,  the  lower  portion  occupied,  the 
upper  unoccupied.  The  self-fold  of  the  occupied  portion  of  this  uncorrelated  DOS 
would  give  a  spectrum  centered  just  below  Ef,  and  the  Cini  expression  would  then 
shift  the  spectrum  to  the  left  by  U.  This  is  a  strong  argument  for  using  the 
undressed  DOS,  or  at  least  eliminating  the  satellite  contributions  from  the 
dressed  DOS  or  PES  data  before  the  self-fold.  However,  it  does  not  necessarily 
settle  the  issue  of  whether  the  correlated  (minus  satellites)  or  uncorrelated  DOS 
should  be  used. 

Now  consider  the  two  filling  limits.  As  the  band  fills,  the  intensity  of  the 
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minority  spin  band  at  Ef  in  the  PES  increases  and  the  majority  spin  band 
decreases  (i.e.  the  latter  ultimately  becomes  a  "satellite"  feature).  At  the  filled 
band  level,  only  the  peak  around  Ef  remains  so  that  the  correlated  and 
uncorrelated  DOS  become  the  same.  If  we  utilize  the  idea  of  Bennet  et  al.^ennet 
mentioned  above  for  removing  the  satellite,  we  can  self-fold  just  the  "main"  peak 
and  obtain  a  reasonable  approximation  to  the  AES  profile  for  nearly  filled  bands. 
At  the  other  limit,  for  substantially  less  thamhalf -filled  bands,  the  contribution 
with  highest  binding  energy  (previously  called  the  "satellite")  becomes  the  "main" 
peak,  and  the  Fermi  level  moves  down  to  it,  so  that  again  either  of  the  DOS  can 
'still  be  used  in  the  Cini  expression  .  Furthermore  for  U>  >  W  and  less  than  half- 
filled  bands,  we  obtain  no  Auger  intensity  because  under  these  circumstances  no 
two  electrons  exists  on  the  same  atom. 

We  conclude  that  Cini’s  bare  ladder  approximation  seems,  at  last 
qualitatively,  to  be  able  to  handle  all  situations.  Treglia’s  approximation  may  also 
be  adequate  provided  the  satellite  contributions  are  removed.  Which  of  these 
approaches  is  better  is  however  not  yet  clear. 

The  existence  of  negative  U’s  has  indeed  been  observed  for  the  transition 
metals  on  the  left  side  of  the  periodic  table,  i.e.  with  less  than  half -filled  3d  bands. 
Table  4  shows  the  effective  U’s  obtained  utilizing  the  Cini  expression  on  an 
empirically  derived  DOS  self-fold  for  the  transition  metals  (XPS  data  were  used 
however  no  distinct  satellite  features  were  evident).  Indeed,  the  U  becomes 
increasing  negative  as  the  band  becomes.more  unfilled.340  Negative  U's  have 
also  been  found  for  some  transition  compounds,  such  as  CrSe2  and  TiSe2.^e*,oer 
Different  suggestions  have  been  given  for  obtaining  these  negative  U's.  deBoer  et 
al.  suggested  that  the  negative  U’s  were  caused  by  a  dynamic  bipolaron  effect 
involving  the  conduction  electrons.  OthersJiave  proposed  that  these  are  caused 
by  the  potential  of  the  core-hole  in  the  initial  state,  i.e.  due  to  edge  or  non- 
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orthogonality  effects.341*342  Ramaker  et  al.  have  argued  that  for  the  low 
electron  density  limit,  i.e.  nearly  empty  bands,  the  negative  U  values  can  be 
interpreted.as  arising  naturally  from  correlation  effects  in  the  initial 
state.343-344  Note  that  all  of  the  above  suggestions  involve  additional 
complications  not  even  considered  yet  in  discussing  Fig.  32,  and  do  not  primarily 
involve  the  satellite  problems  discussed  above. 

To  intuitively  understand  some  of  these  additional  complications,  consider 
again  the  lattice  in  Fig.  32.  but  now  with  just  two  H  atoms,  and  compare  the  case 
when  the  band  is  full  on  the  left  and  when  the  band  is  half  full  on  the  right. 

Full  Half  full 

Initial  state 

Final  state  <p  ^  empty  (17) 

Matrix  element  <  Iskljr^'1  [v>\<p\ >  <<Pi^1]rj2‘1[iskl> 

In  this  simple  diatomic  molecule  case,  the  orbitals  \  and  903  are 
uncorrelated  orbitals,  such  as  the  lsa  lsj,  bonding  and  antibonding  MO's.  and 
Is  and  k-1  refer  to  the  core  and  continuum  orbitals  involved.  The  Auger  matrix  can 
be  written  in  either  the  hole  picture  or  the  electron  picture;  i.e.  we  can  enumerate 
the  electrons  or  the  holes.  Obviously,  on  the  left,  it  is  better  to  consider  the  holes, 
while  on  the  right  better  to  consider  the  electrons,  because  in  either  case  we  then 
have  an  empty  band;  empty  of  holes  in  the  initial  state  on  the  left,  and  empty  of 
electrons  in  the  final  state  on  the  right.  Therefore,  we  need  to  worry  only  about 
final  state  hole-hole  interaction  on  the  left,  and  initial  state  electron-electron 
interaction  on  the  right.  This  initial  state  electron  interaction  on  the  right  will 
increase  the  initial  state  energy,  thus  increasing  the  Auger  kinetic  energy,  and 
make  the  conventional  U  parameter  come  out  negative.  For  U  >  W,  the  two 


Ramaker  67 


electrons  will  remain  on  separate  atoms  (antiferromagnetic),  and  the  Auger 
intensity  goes  to  zero  for  less  than  one-half  filled  bands  as  discussed  above.  Thus 
the  electron  interaction  in  the  initial  state  alters  both  the  intensity  and  the 
profile.  This  is  to  be  expected,  since  by  the  nature  of  the  sum  rules,  the  initial 
state  must  always  determine  the  total  intensity. RamFSR 

These  intuitive  ideas  have  been  applied  by  utilizing  the  Cini  expression  as 
depicted  in  Fig.  33  where  the  final  state  and  initial  state  rule  prescriptions  are 
compared. RandSFS  jn  initial  state  prescription,  appropriate  for  less  than  or 
equal  to  half-filled  bands,  the  Cini  expression  is  applied  to  the  entire  DOS, 
occupied  and  unoccupied  portions.  As  U  increases  the  occupied  DOS  self-fold  is 
distorted  upward  by  a  negative  U  and  the  total  Auger  intensity  (shaded  area) 
decreases.  This  is  in  contrast  to  the  final  state  case,  where  the  distortion  is 
downward,  and  the  total  intensity  is  conserved  because  it  is  applied  only  to  the 
occupied  part.  The  upward  distortion  in  the  less  than  half-filled  case  occurs 
because  the  Auger  process  tends  to  select  those  electrons  which  exist  on  the  same 
atom  in  the  initial  state. 

Let  us  now  go  back  to  the  illustration  in  Fig.  32.  The  initial  state  rule 
prescription  was  not  derived  for  these  circumstances:  the  band  is  greater  than  half 
full,  and  it  is  applied  here  to  the  self -fold  of  the  correlated  (plus  satellite)  DOS. 
Thus  we  shouldfbe  highly  skeptical  of  the  result.  Nevertheless,  we  see  that  the 
initial  state  prescription  also  qualitatively  works  on  the  self-fold  of  the  correlated 
DOS  (with  satellite  contributions).  Note  that  the  actual  AES  intensity  is  much 
reduced  from  the  DOS  self-fold,  as  illustrated  schematically.  When  the  band  is 
less  than  halMilled,  the  AES  intensity  should  go  to  zero  in  this  highly  correlated 
system  (i.e.  U>  >  W).  consistent  with  the  initial  state  rule  prescription.  . 

Now  for  the  many  atom  system,  an  additional  complication  arises,  because 
now  the  band  will  not  be  empty  in  either  the  initiator  final  state.  This  introduces 
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additional  screening  effects.  To  illustrate  this  consider  the  band 
cp  {cp2...<&[cpy-.cpmcpm+  \...cpn,  with  the  orbitals  1  through  m  occupied  and  m  +  l 
through  n  unoccupied.  The  initial  and  final  states  can  then  be  written  as  follows: 

hole  picture  (>  half  filled) _  electron  picture  L  <  half  filled) 

^IS:  <  lskl<pm+  f...<^>n’]  <cpicp2...cp(cp-y..cpx^}  (18) 

\Erps:  [cP\cf:>[cPm+  [lsklcjc* i</?2“*<*3m>’ 

where  cp-x  is  an  orbital  in  the  final  state  without  a  core  hole  and  tpj’  is  an  orbital  in 
the  initial  state  with  a  core  hole.  The  Auger  matrix  element  <^ris[r12-1  > 

then  reduces  to  the  two-particle  matrix  elements  within  the  "orthogonalized  final 
state  rule"  approximation: 

<  Lskl.]r.i2*l[s£j££j>  <s£j,£Cj?]r[2"*Uskl>  (19) 

where 

sGj  =  9=>i-sUnocc  ^in^n  =  ^i  * socc  ^in^n*  (20) 

Here  the  sums  continue  over  all  of  the  unoccupied  or  occupied  orbitals 
respectively  on  the  left  and  right  side,  and  the  Sjn  are  the  overlap  integrals 
<9c>j,][qc>n'  > ,  which  in  perturbation  theory  are  proportional  to  1/(E{-En). 

Within  the  tight  binding  approximation,  each  band  orbital  can  be  expressed 
as  a  linear  sum  over  the  atomic  orbitals,  <y?n  =  sm  cm(n)fm.  Furthermore,  the 
Auger  profile.  A(Enm).  can  be  given 

A(£nm)  =  ^L.S.J i(T->S,J,)  A[Enm>  ^L,S,J,cl(n)’c](m)l  (21) 

using  the  notation  of  eq.  6  for  the  Cini  expression,  where  we  are  summing  over  all 
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multiplets,  and  the  coefficients  c^(k)  determine  the  electron  density  on  atom  1 
(the  one  with  the  core  hole)  in  the  orbital  n  or  m.  The  coefficients  1  are  the 
intensity  for  each  multiplet  determined  from  the  atomic  Auger  matrix  elements 
and  the  appropriate  coupling  coefficients.  The  hole-hole  repulsions  depend  on 
the  particular  multiplet.  Above,  eq.  20  accounts  for  the  new  effect,  core  hole 
screening,  which  introduces  non-orthogonality  between  the  initial  and  final  state 
orbitals  and  causes  dynamic  screening  effects. 

Now  consider  the  case  on  the  left  which  is  more  appropriate  for  the  low  hole 
density  limit  (the  nearly  filled  band)  case.  As  the  band  fills,  the  number  of  terms 
in  the  sum  over  the  unoccupied  orbitals  in  eq.  20  decreases  so  thatsej  ~  <^j. 
Furthermore,  well  below  the  Fermi  level,  the  Sjn  coefficients  are  very  small,  so 
thatse{  ~  cp\  in  any  event.  ThisJs  the  origin  of  the  final  state  rule  which  indicates 
that  the  line  shape  reflects  the  DOS  appropriate  to  the  final  state.  When  sej  ^ 

<Pj.  we  have  the  orthogonalized  final  state  rule,  which  introduces  singularity 
effects,  also  referred  to  as  MND  effects  in  Sec.  II. B.  On  the  other  hand,  for  the 
low  electron  density  limit  (the  nearly  empty  band),  the  sum  in  eq.  20  approaches 
zero  only  for  the  nearly  empty  band.  As  the  band  fills,  the  projection  onto  the 
final  state  orbitals  converts  sej’  to  cp-v  so  that  the  final  state  DOS  is  still  more 
appropriate,  although  that  this  is  so  is  not  as  clear.  Therefore,  in  both  cases,  the 
final  state  DOS  is  more  appropriate. 

Both  the  initial  state  electron-electron  correlation  effects  and  the  non¬ 
orthogonality  screening  effects  near  the  Fermi  level  tend  to  make  U  negative. 
Indeed,  others  have  attributed  the  negative  U’s  to  these  non-orthogonality 
effects. Hill,Jenn  j  suggest  that  the  effective  negative  U’s  exhibited  by  the 
transition  metals  for  less  than  half-filled  bands  as  shown  in  Table  2  primarily  arise 
from  electron-electron  coupling  in  the  initial  state,  although  non-orthoganality 
effects  could  also  be  playing  a  significant  role.^am^FS 
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Negative  U  effects  have  also.appeared  in  other  systems.  The  tt-tt  Auger 
contribution  for  the  benzene  molecule  shows  an  upward  distortion.^amISFS  It  is 
believed  this  arises  because  the  total  tt  band  (bonding  plus  antibonding)  is  half 
filled  in  benzene  and  hence  a  negative  U  is  appropriate  within  the  initial  state 
rule.  Ramaker  also  has  shown  that  the  -mr  contribution  arising  from  the 
reconstructed  clean  diamond  surface  within  Pandey’s  7r-bonded  chain  model  can 
be  explained  by  a  negative  U,  which  strongly  reduces  the  -rrrc  contribution  vs.  the 
cr tv  coming  from  the  surface.  ^anu^a  Finally,  some  very  interesting  correlation 
effects  have  been  observed  in  core  EELS  spectra  for  Ti  and  V  metals  which 
suggest  similar  effects. Erickson 

We  can  summarize  thc^e  intuitive  discussions  as  follows: 

a)  The  final  state  (i.e.  ground  state  for  CVV  processes)  DOS  is  the  most 
appropriate  one  in  nearly  all  cases. 

b)  It  is  best  to  use  the  uncorrelated  DOS,  or  the  correlated  DOS  but  without 
the  satellite  contributions.  Agreement  on  which  of  these  is  best  has  not  yet  been 
obtained. 

c)  For  nearly  filled  bands,  the  Auger  profile  apparently  reflects  the  multiplets 
from  hole-hole  coupling  in  the  final  state  that  gives  the  usual  positive  U’s. 

For  significantly  less  than  half-filled  bands,  the  Auger  profile  reflects  the 
multiplets  of  the  electrons  in  the  initial  state,  that  gives  negative  U’s  in  the  usual 
sense. 

d)  The  initial  state  determines  the  total  intensity  in  all  cases.  For  less  than 
half  filled  bands,  electron-electron  coupling  is  critical  to  determining  this 
intensity. 

It  seems  clear  that  much  more  rigorous  work  is  required  to  sort  out  these 
complicated  correlation  and  screening  effects  for  initially  unfilled  bands.  We 
anticipate  much  more  work  in  this  critical  area  in  the  near  future. 
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J2.  Degenerate  Bands 

The  problem  of  degenerate  bands  also  needs  to  be  considered.  Cini  has 
applied  the  BLA  theory  along  with  the  full  multiplet  and  intermediate  spin-orbit 
coupling  theory,  without  further  simplifying  assumptions,  to  the  C  KVV  line  shape 
of  graphite. cini8raP  The  theoretical  line  shape  he  obtained  was  amazingly  similar 
to  that  obtained  empirically  by  Houston  et  al.,  who  ignored  the  multiplet 
decomposition  and  applied  the  Cini  expression  directly  to  the  full  ss  ( IS),  sp(  IS  + 
3S),  and  pp(lS  +  ID  +  3P)  contributions. Housgrap  It  seems  clear  that  if  the 
correlation  effects  are  not  too  dramatic,  the  same  2s+  1L  multiplets  arising  from 
different  bands  decouple,  and  the  bands  can  be  treated  independently  (e.g.  the 
ss(  IS)  and  pp(lS)  multiplets  decouple).  Furthermore  for  small  U’s,  the  different 
2s+  1L  multiplets  arising  from  the  same  band  apparently  can  be  averaged  together 
to  give  an  effective  ss,sp,  and  pp  contribution  (e.g.  the  IS  and  ID  multiplets  from 
the  pp  contribution  can  be  summed  before  applying  the  Cini  expression).  It  is  not 
clear  from  Cini’s  work  whether  the  large  non-spherical  effects  present  in  graphite 
were  taken  into  account. 

Although  the  theoretical  line  shapes  obtained  by  Cini  and  Houston  et  al. 
were  nearly  the  same,  the  resultant  U’s  were  very  different.  Houston  et  al.  found 
U’s  of  0.6, 1.5,  and  2.2  ev  for  the  pp,  rp,  and  nr  components  (in  a  slightly  different 
procedure  Ramaker  et  al.Ramhydc  obtained  the  values  in  Table  3  namely  0, 1,  and 
2  eV),  while  Cini  found  values  of  5.5, 11,  and  11  eV.  What  can  account  for  these 
dramatically  different  U’s  but  with  the  same  line  shape?  One  possible 
explanation  may  involve  the  normalization  and/or  selection  of  the  individual 
components  of  q  *q4ised  in  eq,  6,  Examination  of  eq.  6  reveals  that  different 
normalizations  of  these  components  results  indifferent  values  of  DU,  for  the 
same  distortion.  Therefore,  Cini’s  multiplet  expansion  may  give  different  U 
values  because  he  included  different  2s+  1L  multiplet  components,  v/hereas 
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Houston  et  al  utilized  just  the  3  (rr.  rp,  and  pp)  components  .  The  DU's  reported 
in  Table  3  are  interpreted  as  Uegg-Uegg’,  i.e.  appropriate  for  group  or  cluster 
orbitals  as  discussed  above,  and  the  values  obtained  by  Houston  et  al  are 
reasonable  in  this  context.  I  am  not  certain  what  the  U’s  reported  by  Cini 
represent?  Furthermore,  it  is  not  clear  from  Cini’s  paper  whether  he  included  the 
two-center  hoie-hole  repulsions,  U 12.  and  these  obviously  have  a  signficant  effect 
on  DU.  The  original  Cini  expression  ignored  all  U12’swithin  the  Hubbard  model 
(eq.  6).  In  any  event,  more  theoretical  work  needs  to  be  done  here  to 
fundamentally  understand  the  U  parameters  obtained  for  highly  covalent  systems. 
£.  Molecules 

The  application  of  the  Cini  expression  to  the  empirical  DOS  for  molecules 
is  another  approximation  requiring  further  justification.  This  is  problematic  since 
the  empirical  DOS  contain  the  vibrational  broadening  which  has  nothing  to  do 
with  the  correlation  problem.  However,  vibrational  broadening  is  also  present  in 
the  empirical  DOS  for  solids:  it  just  is  not  as  evident  since  banding  effects 
dominate.  Extended  covalent  solids  contain  banding  effects  which  also  do  not 
dictate  the  correlation.  To  illustrate  this,  let  us  compare  the  DOS  for  benzene 
with  that  for  graphite.  The  local  sp^  bonding  around  each  C  atom  is  essentially 
the  same  and  this  is  reflected  in  the  similar  gross  features  in  the  DOS  as  shown  in 
Fig.  6.  The  small  differences  arise  because  vibrational  effects  dominate  in 
benzene  while  banding  effects  (i.e.  second,  third  etc  nearest  neighbor 
interactions)  dominate  for  graphite.  However,  the  principal  correlation  effects 
are  determined  by  me  local  bonding.  Thus  neither  the  extended  banding  effects 
in  graphite  nor  vibrational  effects  in  benzene  (both.broademthe  major  DOS 
features)  determine  the  correlation  distortion.  It  has  been  shown  that  the  Cini 
expression  mimics  the  effects  of  a  configuration  interaction  for  molecules.  Thus, 
we  intuitively  expect  that  the  Cini  expression  has  comparable  validity  for 
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molecules  and  covalent  solids.  This  is  true  provided  the  separation,  zxE.  between 
the  moleculai  levels  is  small  compared  with  the  vibrational  broadening.  z^V.  This 
does  appear  to  be  true  for  the  molecules  such  as  benzene,  hexane,  and  larger 
molecules,  but  may  not  be  appropriate  for  ethylene,  etc.  involving  three  or  less 
carbon  atoms.  In  these  smaller  molecules,  multiplets  are  also  more  important,  so 
that  this  approach  is  certainly  not  completely  satisfactory  for  these  small 
molecules. 

We  know  that  the  Cini  expression  will  continue  to  be  used  on  a  wide  variety 
of  systems;  even  in  the  event  of  some  progress  in  developing  a  theory  for  unfilled 
and  degenerate  bands.  But  much  further  work  is  needed  to  learn  of  its  limitations 
and  validity  for  a  wider  variety  of  materials. 

F.  Expanding  the  Applications 

Most  Auger  line  shape  interpretations  to  date  have  been  on  homogeneous 
solids,  molecules,  or  at  least  on  well  characterized  surfaces.  And  most 
interpretation  schemes  in  the  past  require  a  one-electron  DOS.  which  is  then 
utilized  to  generate  a  self -fold  for  insertion  into  the  Cini  expression.  The  DOS 
are  normally  obtained  empirically  as  described  above.  But  the  future  will  demand 
a  study  of  more  complex  practicahsystems.  Recent  examples  of  Auger  line  shape 
interpretations  on  more  complex  systems  include  studies  of  explosives345,346 
semiconductors  such  as  TCNQ347,  conducting  polymers  such  as  Fe-doped 
polvacetylene  and  polypyrroles,348  electrode  surfaces,349,350  metal 
clusters,351,352  petroleum  shales.353  sputtered  stainless  steel-carbon  composite 
layers.354  C  implanted  metals  for  hardening  purposes,355  surface 
segregation.356,357  grain  boundary  segregation.353,359  and  on  vanadium-oxide 
bronzes  (e.g.  Nuq  33V2O5)360.  Reviews  on  the  impact  of  AES  on 
technology,361,362  electroplating.363  and  ceramics  and  glasses.364  have  been 
published  recently.  As  the  technology  moves  to  more  complex  "engineered" 
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inhomogeneous  materials  such  as  multi-elemental  alloys,  composites,  matrices, 
high  temperature  superconductors,  and  interfaces,  AES  is  going  to  be  increasingly 
useful  because  of  its  ability  to  sample  a  site  or  element  specific  local  DOS.  Thus, 
the  future  of  AES  is  bright,  but  the  theory  must  advance  to  be  able  to  handle  these 
increasingly  complex  systems.  Much  work  remains  to  be  done. 
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Table  1  Comparison  of  the  atomic  Auger  intensity  ratios  for  Si  CV  V  and  CCV 
Auger  line  shapes  (From  Ref.  Ramsi). 


Line  shape 

s/p  or  sl/pp 

Intensity  ratioa 

Intensity  ratio^ 

KLlV 

s/p 

0.79 

0.75  dr  0.1 

KL23V 

s/p 

0.23 

0.3  dr  0. 1 

LiL23V 

s/p 

0.64 

0.8  dr  0.4 

L23VV 

ss/pp 

0.0 1 

0.025=1=  0.001 

sp/pp 

0.10 

0.38  dr  0.02 

KVV 

ss/pp 

0.10 

0.15  d=  0.02 

sp/pp 

0.48 

0.46  dr  0.02 

intensity  ratios  (e.g.  Accs/Accp)  obtained  from  the  fit  of  eq.  6  to  the  experimental  data. 
^Intensity  ratios  (e.g.  Acss/ ACCp)  obtained  from  Fig.  8.  similar  such  plots  for  the  other 
Auger  ‘ransitions.Rums,*Rumrev  1  and  from  Ref.  Babenkov. 


Table  2  Summary  of  satellite  intensities  in  percent.*1 


k-wv 

kvv 

ke-v 

Methane 

51 

0 

Ethane 

52 

0 

Cyclohexane 

54 

0 

Polyethylene 

67 

3 

Ethylene 

50 

2 

Benzene 

56 

1 

uFrom  Ret',  ramhydc. 


ke-we 

kv-wv 

k-vw 

12 

20 

17 

12 

21 

15 

8 

19 

19 

11 

17-21 

0 

13 

20 

15 

6 

21 

16 

Table  3 


Summary  of  Ali  and  s  parameters  obtained  empirically  for  the  theoretical  kvv 

line  shape.a 

Molecule  zxli(eV)  «5^(eV) 


Aik  ansa 

Methane 

Ethane 

Cyclohexane 

Polyethylene 

Diamond 


£H-CH 

0 

1 

3 

3 


1 

3 

3 


cc-cc 

0 

1.25 

1.25 

2. 


CH-CH  £fcLC£  CC-CC 
12 

12  10  10 

9  9  9 

0  0  0 

0 


Alkenes 

Ethylene 

Benzene 

Graphite 


crcr  cr-rr  2L3L. 


crcr 


cttt  'ttit 


2  10  9 
2  10  8 
2  10  0 


11  11 
6  6 
0  0 


aFrom  Ref.  Ramhyd. 

positive  6'  indicates  a  shift  to  higher  two-hole  binding  energy. 


Table  4  Comparison  of  empirical  effective  U  parameters 


d«  d»  d° 

d1  d2  d3  d4 

d5  d6  d7  d8  d9 

dio 

leVl  as  reflected  in  0  KVV  line  shape  of  metal  oxides.a 

rr 

£i&2  MgQ  Xi£>2 

MnCH 

E& 2P3  £fiP  P/M  QiQ. 

Zn Q. 

10.5  1 1.3  9.6 

5.5 

4.8  6.4  5.4  10.5 

11.6 

.GsGb  BaO 

M2P5 

Cii2P 

10.5  11.3 

6.1 

5.7 

AI2Q3 

yQi  y 2^3 -^2^5 

Ag2 P 

14.2 

3.7  4.3  5.2 

7.0 

HgP 

11.7 

U'edd  as  reflected  in.metal  L^VV  line 

s  shaps-pf  .giem£iunl..jTi£.t.a.i,,),,b 

Si  Ms  A1 

&  ii  y_  ql 

Mn  Fe  Co  Ni  Cu 

Zn 

-2.  -1.  0.5  -0.1 

0.  1.2  1.2  4.2  8.0 

9.7 

aU‘s  originally  tabulated  and  collected  by  Fuggle.tu88  Values  empirically  obtained  as 
follows:  VxOy  by  Sawatzky  and  Post,Post  Na20  by  Barrie  and  Street.®arr*e  MgO  by 
Fuggle.tu£8  O/Ni  by  Salmeron  et  al.sa^meron  CU2O  by  Ghijsen.£hijsen  Ag20  bv  Tjeng. 
l.ien8  CuO  by  Fuggle,tu8S  and  the  remaining  by  Humbert  and  Deville.^ev’^e 
^Values  obtained  by  deBoer  et  al. Deboer 


FIGURE  CAPTIONS 


Fig.  1.  The  S  L23VV  Auger  .spectrum  from  U2SO4  powder  pressed  onto  an 
In  substrate.  (From  Ref.  Ramext) 

a)  The  Auger  line  shape  N(E)  with  the  estimated  background  EB(E) 
utilizing  eq.  1. 

b)  The  resultant  background  subtracted  .spectrum.  A(E),  and  the 
backscattered  spectrum.  L(E),  observed  from  a  140  eV  primary 
electron  beam  incident  on  the  sample.  The  latter  data  were  taken 
with  a  CMA  in  the  normal  mode  and  are  not  corrected  for  the 
analyzer  transmission  distortions. 

c)  The  "true"  Auger  spectrum,  At(E),  obtained  after  deconvoluting 
out  the  electron-loss  contributions  and  correcting  for  sample  and 
spectrometer  transmission.  The  solid  and  dashed  lines  in  both  b)  and 
c)  indicate  two  different  estimates  of  the  background  and  the  final 
A(E)  spectra  obtained  with  these  background  estimates.  These  two 
spectra  give  some  indication  of  the  uncertainties  involved  in  the  line 
shape  extraction. 

Fig.  2.  The  C  KV  V  Auger  line  shapes  taken  in  the  gas  phase  for  various 
carbon  molecules  as  indicated. Ryealk  (From  Ref.  Ramrev2) 

Fig.  3.  a)  Total  one  electron  DOS  (solid  line)  for  cyclohexane  determined 
empirically  as  described-in  the  text.  The  s  lashed  line),  pq^  (dotted 
line),  and  pcc  (dot-dashed  line)  components,  determined  as 
described  in  the  text,  are  also  shown.  The  vertical  lines  indicate  the 
electron  density  on  any  carbon  atom  for  each  MO  as  obtained  from  a 


GAUSSIAN  82  calculation.^auss  The  energies  of  each  vertical  line 
are  placed  at  those  obtained  empirically  from  PES  data.^isch0* 
Schematic  diagramssa*em  of  four  of  the  molecular  orbitals  are  also 
given. 

b)  XPS  and  XES  data  for  cyclohexane  as  utilized  to  obtain  the  DOS 
in  a)  above. Mills.  Mattson  (from  Ref.  Ramhydc) 

Fig.  4.  A  schematic  representation  of  the  potential  energy  curves  of  a  two- 
hole  state,  one-hole  state,  and  the  ground  state. Matthews  j^g 
horizontal  axis  represents  some  generalized  internuclear  axis.  The 
spread  in  energy,  :rn,  due  tovibronic  motion  is  indicated.  (From  ref. 
Matthews;  used  with  permission) 

Fig.  5.  Comparison  of  C2H5  CKVV  experimental  (EXP)  and  theoretical 
(THY)  spectra  as  reported  by  Jennison  et  al.^enn  The  bars  indicate 
the  positions  and  relative  intensities  of  the  vertical  electronic 
transitions  as  obtained  from  theoretical  SCF  calculations.  The 
smooth  curve  was  produced  by  summing  the  Gaussian  broadened  bars 
utilizing  a  constant  width  to  provide  optimal  agreement  with 
experiment.  (From  Ref.  Jenn;  used  with  permission) 

Fig.  6.  Comparison  of  the  experimental  C  KVV  Auger  line  shapes  (solid 
line)  obtained  from  the  literature  for  diamond. Dayan 
graphite^ous8raP,  benzene,^e^^a^n  cyclohexane. Ryeaik  and 
polyethylene^ayan  with  the  self-fold  of  the  DOS  (dotted  iine) 
obtained  as  described  in  the  text.  ( From  Ref.  Ramhydc) 


Fig.  7. 


Summary  of  the  various  processes  giving  rise  to  the  total  Auger  line 
shape  (From  Ref.  Ramhydc).  Core,  VB  and  CB  indicaie  the  core 
level,  valence  band  (or  filled  orbitals),  and  conduction  band  (or 
empty  orbitals)  respectively.  Spec,  (spectator)  and  part. 

(participant)  indicate  the  subsequent  fate  of  the  resonantly  excited 
electron  during  the  Auger  process.  I.s  and  f.s.  indicate  initial-state 
and  final-state  and  refer  to  the  state  in  which  the  shakeoff  event 
occurs  relative  to  the  Auger  decay.  N  *N  and  N  (N  =  cr  in  eq.  (6)) 
refer  to  the  approximate  line  shape,  i.e.  either  a  DOS  self-fold,  or 
just  the  DOS,  with  the  relative  size  of  aU  in  the  Cini  expression  (eq. 
6)  indicated.  The  resonant  satellites  occur  only  under  electron 
excitation. 

Fig.  8.  Comparison  of  the  L23VV  theoretical  and  experimental  atomic 

Auger  matrix  elements,  Acjp,  for  atoms  in  the  2nd  and  3rd  rows  of  the 
periodic  table  (From  Ref.  ramrev  1 ).  Here,  Acip  is  the  matrix  . 
element  per  filled  shell  as  indicated  by  eq.  10.  and  has  been 
normalized  for  each  atom  such  that  ACpp  is  100.  The  theoretical  data 
of  Mcguire^cguire  (solid  line)  have  been  scaled  by  factors  fss  =  1.97. 
fSp  =  1.23.  fstj  =  1.33,  fpj  =  1.27,  andf^d  =  2.06.  that  from  Walters 
and  Bhalla^^®  (dashed  line)  byfss  =  1.94,  fSp  =  1 .03.  f scj  =  1.32. 
fpd  =  1.24,  and  f^  =  2.05,  to  correspond  to  the  Ar  (Z=  18)  ss  and  sp 
and  the  Kr  (Z  =  36)  sd,  pd,  and  dd  experimental  data.  The  data  from 
Chen  and  CrasemannCNC  (cross-hatched  symbols)  for  Ar.  Zn  and  Kr 
are  unsealed.  The  crossed  symbols  for  Z  =  29  refer  to  a  Cl 
calculation  for  Cu.1^c<^lI‘re^ 


Fig.  9.  Comparison  of  the  bandwidth  (rnt})  with  the  effective  hole-hole 

repulsion  ( Uentjn(j )  for  the  metals  with  electron  configuration  d^s^ 
to  d  «>s2p2  (from  Ref.  RamrevL).  Metals  with  band-like  and  atomic- 
like  line  shapes  are  indicated;  those  between  the  dashed  lines  are 
"transitional". 

Fig.  10.  Comparison  of  the  CVV  Auger  line  shapes  for  the  "transitional" 

metals  as  indicated  in  Fig.  9  with  the  fold  of  the  one  electron  DOS. 
The  vertical  bars  from  Cu  and  Ag  indicate  results  from  an  atomic 
calculation.  Ex  is  the  core  binding  energy.  Ea  the  Auger  electron 
kinetic  energy.  (From  Ref.  Ramrevl) 

Fig.  11.  Illustration  of  the  effective  hole-hole  repulsions  Uexx,  Ue[,^.  and 
Uegg  (Ue  =  aU  in  eq.  5)  and  the  corresponding  interaction 
parameter.  r.  -y ,  or  V  for  the  NO3'  anion.  GO.  BO.  and  AO  refer  to 
group  (or  cluster),  bond  and  atomic  orbitals,  respectively. 

Fig.  12.  Comparison  of  the  Mg  and  A1  KL  j  V  and  KL23V  spectra  for  the 
metals  or  alloys  indicated.  (From  Ref.  Mgailoys,  used  with 
permission).  The  horizontal  shading  for  AlgMg92  is  an  internal 
photoemission  line  which  overlaps  the  A1  KL^  V  spectrum.  The 
diagonal  shaded  areas  in  each  case  represents  roughly  the  s 
contribution  to  the  KL1 V  line  shape.  aZ  is  the  difference  between 
the  core  charge  on  the  local  site  versus  that  on  its  neighbors  assuming 
the  equivalent  cores  model. 


Fig.  13. 


Fig.  14. 


Fig.  15, 


Fig.  16. 


Comparison  of  the  Ni  L23M45M45  Auger  spectra  for  the  alloys 
indicated  (From  Ref.  Andrews;  used  with  permission).  The  outline  of 
the  spectrum  for  pure  Ni  has  been  superimposed  on  the  alloy  spectra 
to  aid  comparison. 

The  inset  in  each  case  show  the  theoretical  Pd  DOS  calculated  within 
the  Clogston-Wolff  model  with  t  =  0.6  (appropriate  for  the  unrelaxed 
lattice  assumed  in  the  impurity  calculations)  and  t  =  0.2  (giving 
optimal  agreement  with  the  Auger  line  shape  and  indicating  a  lattice 
expansion).  The  Auger  profile  was  calculated  using  the 
corresponding  DOS,  and  hole-hole  repulsion  parameter,  U(lG4). 
equal  to  3.0  eV.  The  U  values  for  the  other  multiplets  were  obtained 
using  calculated  Slater  integrals.  Fn,  and  the  jj  intermediate  coupling 
scheme.  (From  Ref.  pdlattic;  used  with  permission) 

Comparison  of  the  experimental  Si  L23VV  Auger  line  shape  for 
elemental  Si-with  the  theoretical  line  shape  obtained  utilizing 
optimal  matrix  elements  (dashed  line)  and  with  the  matrix  elements 
predicted  from  Fig.  8  (dotted  line)  (both  sets  of  matrix  elements  are 
given  in  Table  1).  The  theoretical  fits  were  obtained  with  U  =  0  in 
eq.  6. 

Comparison  of  the  experimental  (EXP)  Li  KVV  and  Ai  LVV  Auger 
line  shapes  with  theoretical  results  from  various  levels  of 
approximation.  "BULK"  indicates  the  results  obtained  from  the  buik 
theoretical  DOS  calculated  within  a  self-consistent  linear  muff in-tin- 
orbita!  (LiVLTO)  approximation.  "FSR"  refers  to  the  final  state  rule 
result  which  accounts  for  the  non-orthogonality  between  the  valence 


orbitals  in  the  presence  and  lack  of  a  core  hole.  "MND"  refers  to  the 
full  dynamical  results,  which  includes  the  singularity  factors  near  the 
Fermi  level  (sometimes  also  called  the  "orthogonalized 
FSR"Ramfsr)>  "SURF"  refers  to  the  results  obtained  from  a  slab 
calculation,  and  thus  accounts  for  surface  effects.  (From  Ref. 
almbladh;  used  with  permission) 

Fig.  17.  a)  Comparison  of  the  C  KVV  experimentally6^  and  theoretical 
Auger  line  shapes  for  ethylene  gas.  The  various  contributions  (kvv, 
kv-wv,  k-vw.  ke-v,  ke-ew)  were  obtained  as  described  in  the  text. 
(From  Ref.  Ramhvdc) 

b)  Comparison  of  the  experimental  and  theoretical  Auger  line 
shapes  for  ethylene  chemisorbed  on  Ni(  100)  at  100  K  (7r-bonded 
ethylene).  The  three  component  ( VV.  Vit  *,  vr  *rc  “)  line  shapes 
were  obtained  as  described  in  the  text.  The  relative  intensities  were 
obtained  by  least  squares  fit  to  the  experimental  data.  ( From  Ref. 
Ramethyl). 

Fig.  18.  a)  Comparison  of  the  experimental  C  KVV  line  shape  for 

ethane^yea^  with  the  total  theoretical  line  shape  obtained  as 
described  in  the  text. 

b)  The  total  theoretical  line  shape  and  each  of  the  components  as 
indicated.  (From  Ref.  Ramhvdc) 


Fig.  19. 


C  KVV  x-ray  excited  Auger  line  shapes  for  ethylene  chemisorbed  on 
Ni(  100)  at  100K  followed  by  heating  to  the  indicated  annealing 
temperature  as  reported  by  Ramaker  et  al.^1111161^ 


Fig.  20. 


The  Auger  spectral  shifts  as  a  function  of  temperature  obtained  from 
the  C2H4/Ni(100)  Auger  spectra  of  Rye  et  al.*tyeetM  The  energy 
scale  along  the  left  vertical  axis  is  essentially  the  effective  U  at  20K, 
and  the  shift  from  this  energy  with  increasing  temperature,  due  either 
to  changing  U  or  changing  ionization  potential  (IP).  The  right 
vertical  axis  is  proportional  to  the  pressure  of  D2  and  is  appropriate 
for  the  D2  temperature  programmed  desorption  (TPD)  data.  The 
TPD  data  reveal  that  beginning  at  300K,  the  ethylene  begins  to 
dissociate  on  the  Ni  surface.  (From  Ryethyl,  used  with  permission) 
Fig.  21..  a)  Comparison  of  the  experimental  Auger  line  shape  for 

polyethylene  from1  Kelber^e^er  and  Dayan  and  Pepper^ayan  with 
the  theoretical  total  line  shape  determined  as  described  in  the  text. 
The  components  in  order  of  increasing  energy  are  kv-vvv,  kvv,  ke-vve. 
and  ke-v.  (From  Ref.  Rampoly) 

b)  The  C  KVV  Auger  line  shapes  for  the  H  terminated4*1^’1111  surface 
of  diamond.  The  A(E)  line  shape  results  after  the  background 
subtraction  and  deconvolution  procedures.  The  H-terminated  line 
shape  is  more  representative  of  the  bulk  since  C-H  bonds  are  more 
similar  to  bulk  C-C  bonds  than  the  rr  bonds  existing  in  the  clean 
surface.  Also  shown  is  a  comparison  of  the  H  terminated  line  shape 
with  the  theoretical  kvv  line  shape.  The  s  *s,  s  *p,  and  p  *p 
components  have  maxima  at  248, 258,  and  268  eV,  respectively. 

(From  Ref  .  Ramdia) 

Fig.  22.  The  Si  L23VV  Auger  line  shape  for  Pd4Si.  The  insert  shows  the 
calculated  Si  partial  DOS  (upper)  and  its  self-fold  (lower).  The 


peaks  labeled  ’a’  through  V  are  assigned  in  the  text.  (From  Ref. 
Bader;  used  with  permission). 


Fig.  23. 


Fig.  24. 


Fig.  25. 


Comparison  of  the  experimental  (solid  line)  Si  L23VV  Auger  line 
shape  for  the  three  Ca-silicides  indicated,  with  the  self -fold  of  the 
theoretical  DOS,  Np(E)  +  0.3  NS(E),  (dotted  line).  The  factor  of  0.3 
in  front  of  the  s  DOS  is  to  account  for  the  reduced  ss  and  sp 
components  seen  in  elemental  solid  Si.  Also  shown  for  Ca2Si  is  a 
result  where  the  Cini-Sawatzky  expression  was  used  to  distort  the 
self-fold  with  USp  =  Uss  =  3  eV  and  Upp  =  0  eV.  (From  Ref.  casi: 
used  with  permission) 

Comparison  of  the  C  KVV  dN(E)/dE  Auger  line  shape  for  the  metal 
carbides  indicated.  Note  the  changing  intensity  of  the  shoulder 
around  270  eV,  and  the  changing  nature  of  the  singlet  and  triplet 
structure  around  260  eV.  (From  Ref.  Gutsev;  used  with  permission) 

The  O  KL23L23  Auger  spectrum  and  O  2p^  DOS  for  Ag20.  The 
dotted  line  shows  the  experimental  O  spectrum  on  a  two-hole  binding 
energy  scale.  The  top  solid  line  shows  the  singlet  contribution  and 
the  bottom  the  triplet  contribution  (reduced  by  a  factor  ot  3)  to  the  O 
2p4  DOS  as  calculated  using  a  (Ag405)^'  cluster  with  an  O  atom  in 
the  center.  A  Lorentzian  broadening  of  2.4  eV  has  been  applied. 

Also  shown  are  the  unbroadened  states  (solid  lines)  and  the  multiplet 
split  atomic  states  (dashed  lines).  (From  Ref.  Tjeng:  used  with 
permission) 


Fig.  26. 


Fig.  27. 


Fig.  28. 


a)  Comparison  of  the  experimental  L3VV  Auger  spectra  for  the 
CuX2  materials.van^er^aan  The  data  for  X  =  Cl  and  Br  were  shifted 
by  -1.5  and  -2.5  eV,  respectively,  to  bring  them  into  registry  with  that 
for  X  =  F.  The  data  for  Cl  and  Br  were  Gaussian  broadened  by  2  e  V 
for  clearer  comparison  with  the  F  data. 

b)  Comparison  of  L3M23V  Auger  data  for  the  CuX2.vant*er*aan  The 
data  for  X  =  Cl  and  Br  were  shifted  by  -2.75  and  3  eV  for  registry  with 
the  F  data.  The  Cl  and  Br  data  were  broadened  by  2  eV. 

c)  Comparison  of  L3VV  Auger  data  for  CU2O,  CuO,vanc^er^aan  and 
Bi(2212)  [data  reported  by  Weaver, weaver  Hillebrecht,^I^e^rec^lt 
and  Kohiki*10*11^].  No  shifts  or  broadening  were  performed  here. 

d)  Comparison  of  L3M23V  data  for  CuCl,  Cu  and  CuCl2.vant*er^aan 
The  data  for  CuCl2  is  exactly  as  in  b)  above,  and  the  Cu  and  CuCl 
were  broadened  by  2  eV  and  placed  in  registry  with  that  for  C11CI2. 
(From  ref.  Ramjes) 

Comparison  of  electron  induced  (EAES)  and  positron  annihilation 
induced  (PAES)  Cu  MW  Auger  spectra  for  Cu(110).  The  incident 
beam  energies  were  3  KEV  and  25  eV  for  the  electron  and  positron 
beam  respectively.  (From  Ref.  Weiss;  used  with  permission) 

Comparison  of  the  total  Cu  L23M45M45  Auger  spectrum  of 
elemental  Cu  with  the  Auger  photoelectron  coincident  spectra 
(APECS)  data  in  coincidence  with  the  L3  (2p3/2)«  L2(2pj/2).  and 
L|(2s)  lines;  respectively.  The  AES  spectrum  is  a  computer¬ 
generated  spectrum  in  which  the  multiplet  structure  is  composed 
from  Lorentzians  with  a  full-width  half  maximum  of  1.6  eV.  and 


multiplet  structure  and  intensities  given  by  theoretical  matrix 
elements  and  then  fit  to  the  experimental  data.  (From  Ref.  Sawatzky; 
used  with  permission). 


Fig.  29. 


Fig.  30. 


Fig.  31. 


Fig.  32. 


Comparison  of  nonresonant  photon  (XAES)  and  electron  (EAES) 
excited  Auger  data  with  resonantly  excited  Auger  (DES) 
data.Carro^02  ^he  dominant  peaks  are  indicated  as  interpreted  by 
Sambe  and  Ramaker.^am^e  The  vertical  lines  indicate  the  expected 
peak  positions  for  transitions  to  states  of  C>2+  as  calculated  by 
Carrol  and  Thomas.  Carroll02 

The  effective  spin  polarization.  Peff,  (defined  as  in  the  text)  and  the 
M23M45M45  Auger  intensity  from  Fe(100)  after  appropriate 
background  subtraction.  (From  Ref.  Spaes:  used  with  permission) 

a)  Angle  resolved  Oxygen  KVV  Auger  spectra  for  CO  co-adsorbed 
with  K  on  Ru(OOl)  taken  at  the  polar  angles,  e ,  indicated. 

b)  Quantitative  evaluation  of  the  peak  intensity  for  peak  4  (the 

4a  j-1  transition)  in  comparison  with  model  calculations  assuming 
different  tilt  angles  of  the  CO  molecules  with  respect  to  the  surface. 

LATTICE  -  An  illustration  of  a  ferromagnetic  lattice  with  a  low 
density  of  minority  spins  leading  to  a  metallic  system. 

DOS  and  PES  -  The  schematic  total  DOS  and  occupied  DOS. 

PES  *PES  -  The  self-convolution  of  the  PES. 

AES  -  The  expected  Auger  spectrum  which  only  has  contributions 
from  those  states  with  two  electrons  per  atom. 


1SR  -  a  schematic  illustration  of  the  application  of  the  Initial  State 
Rule  prescription  described  in  the  text  and  illustrated  in  Fig.  33. 
(Top  5  panels  after  Ref.  Sawatzky). 

Fig.  33.  Schematic  illustration  of  the  final  (FS)  and  initial  (IS)  state  rules 
applied  to  a  single-band  rectangular  DOS,  N(E),  with  greater  and 
less  than  half -filled  valence  bands,  respectively.  The  DOS  self-fold 
N  *N  and  the  Cini  distorted  self -fold,  C(N  *N),  are  also  indicated. 
The  cross  hatched  areas  show  the  occupied  portions  of  N  and  N  *N, 
and  the  resultant  Auger  line  shape  in  C(N  *N).  (After  Ref.  Ramisfs). 


LIST  OF  FIGURES 


Fig. 

Section 

1. 

Extracting  line  shapes 

IIAl 

2. 

Rye  gas  phase  data 

IIB2 

3. 

DOS  Hexane 

IIB2 

4. 

Matthew  width  curve 

IIB3 

5. 

Jennison  Ethane 

1IB3 

6. 

Exp.  vs.  theory 

1IB4 

7. 

Satellite  notation 

IIB4 

8. 

LVV  matrix  elements 

IIC2 

9. 

U  vs  r  TM’s 

IIC3a 

10. 

Intermediate  TM’s 

IIC3a 

11. 

N03:  AO, GO, BO 

IIC3b 

12. 

Weightman  CCV 

IIIA1 

13. 

Weightman  holes 

I1IA2 

14. 

Weightman  PdAg  exp 

IIIA2 

15. 

Si  ss  and  pp 

IIIB 

16. 

Albladh 

1IIB 

17. 

Ethylene 

me 

18. 

\ 

Ethane 

me 

19. 

Kpel’s  chemisorbed  ethylene 

hid 

20. 

Rye’s  U  curve 

iiid 

21.. 

Poly  and  diamond 

IllE 

22. 

Rader  Si 

II1F 

23. 

Calcium  Sicides 

IIIF 

24. 

Carbides-  Gutsev 

IIIF 

25. 

Sawatzky  O  KVV 

IIIF 

26. 

CuX2  plots 

1110 

27. 

Texas-PAES 

1VA 

28. 

Coincident-Sawatzky 

IVB 

29. 

02  DES 

IVB 

30. 

Spin  aligned  Auger 

1VC 

31. 

Menzel  -angle  resolved 

IVD 

32. 

Sawatzky  illustration 

33. 

Negative  U’s 

TABLES 


1. 

Si  matrix  elements 

IIC2 

2. 

Sat.  int. 

I11C4 

3. 

All  and  s 

me 

4. 

U’s  0  KLL  and  TM  neg.  U’s 

IIIF 

IVE4 

IVE 


Z 


DD 


BINDING  ENERGY  (eV) 


3 


Configuration  Coordinate  Q 


Binding  Energy  (eV  rel.  to  vac.) 


o 

*55 

.£  co 
is  co 
c  o 


Z 

# 


0 

D) 

u. 

CG 


Z  S 

*  9 

Z  c 

co 


*  £ 
z? 


7 


e  excitation  only 


- SCALED  McG 

- SCALED  W&B 

OPEN  EXP.  (GAS  PHASE) 
CLOSED  EXP.  (SOLID  PHASE) 


Fe  Co 


Ni 


Cu 


Zn 


Ga 


Ru 

Rh 

i 

i 

i 

i 

Pd 

Ag 

i 

i 

i 

i 

i 

Cd 

In 

Sn 

Os 

Ir 

i 

i 

i 

Pt 

Au 

i 

i 

* 

Hg 

Tl 

Pb 

ELEMENT 


Band-like 


Atomic-like 


INTENSITY 


GO 


ugg' 


VNAugg-Ugg' 


ue 

ugg 


Ubb 

Ubb' 


BO 


^bb'^bb'  ^bb 


0.  /O 

y  ,  A0 

N°/\  V 
UNN  I 


0  Umm-Umh  =  ue 


NN'^NO  ”  WXX 


Si  L23VV 


INTENSITY  INTENSITY 


INTENSITY 


INTENSITY  (  arbitrary  units  ) 


80  70  60  50  40  30  20  1 

BINDING  ENERGY  (eV) 


N(E)/Arb.  Units 


Kinetic  Energy-Core  Binding  Energy/eV 


))  (eV) 


C' t  C\J  ID  I C  O  “t  U 


ENERGY  WITH  RESPECT 


. .  ■  ^1 . 


1 


1 


1 


1 


Two  Hole  Binding  Energy  (eV) 


vv 


EAES 


Cu(llO) 


LATTICE 


DOS 


PES 

PES-PES 


AES 


ISR 


FS  Rule  IS  Rule 

(Band  >1/2  filled)  (Band  £  1/2  filled) 

N(E) 


U  >  0  U  <  0 


TECHNICAL  REPORT  DISTRIBUTION  LIST  -  GENERAL 


Office  of  Naval  Research  (2) 

Chemistry  Division,  Code  1113 
800  North  Quincy  Street 
Arlington,  Virginia  22217-5000 

Commanding  Officer  (1) 

Naval  Weapons  Support  Center 
Dr.  Bernard  E.  Douda 
Crane,  Indiana  47522-5050 


Dr.  Richard  W.  Drisko  (1) 

Naval  Civil  Engineering 
Laboratory 
Code  L52 

Port  Hueneme,  CA  93043 


David  Taylor  Research  Center  (1) 
Dr.  Eugene  C.  Fischer 
Annapolis,  MD  21402-5067 


Dr.  James  S.  Murday  (1) 

Chemistry  Division,  Code  6100 
Naval  Research  Laboratory 
Washington,  D.C.  20375-5000 


Dr.  Robert  Green,  Director  (1) 
Chemistry  Division,  Code  385 
Naval  Weapons  Center 
China  Lake,  CA  93555-6001 

Chief  of  Naval  Research  (1) 
Special  Assistant  for  Marine 
Corps  Matters 
Code  00MC 

800  North  Quincy  Street 
Arlington,  VA  22217-5000 

Dr.  Bernadette  Eichinger  (1) 

Naval  Ship  Systems  Engineering 
Station 
Code  053 

Philadelphia  Naval  Base 
Philadelphia,  PA  19112 

Dr.  Sachio  Yamamoto  (1) 

Naval  Ocean  Systems  Center 
Code  52 

San  Diego,  CA  92152-5000 

Dr.  Harold  H.  Singerman  (1) 

David  Taylor  Research  Center 
Code  283 

Annapolis,  MD  21402-5067 


Defense  Technical  Information  Center 
Building  5,  Cameron  Station 
Alexandria,  VA  22314 


FY90  Abstracts  Distribution  List  for  Solid  State  &  surface  chemistry 


Professor  John  Baldeschwieler 
Department  of  Chemistry 
California  Inst,  of  Technology 
Pasadena,  CA  91125 

Professor  Paul  Barbara 
Department  of  Chemistry 
University  of  Minnesota 
Minneapolis,  MN  55455-0431 

Dr.  Duncan  Brown 

Advanced  Technology  Materials 

520-B  Danury  Rd. 

New  Milford,  CT  06776 

Professor  Stanley  Bruckenstein 
Department  of  Chemistry 
State  University  of  New  York 
Buffalo,  NY  14214 

Professor  Carolyn  Cassady 
Department  of  Chemistry 
Miami  University 
Oxford,  OH  45056 

Professor  R.P.H.  Chang 
Dept.  Matls.  Sci.  &  Engineering 
Northwestern  University 
Evanston,  IL  60208 

Professor  Frank  DiSalvo 
Department  of  Chemistry 
Cornell  University 
Ithaca,  NY  14853 

Dr.  James  Duncan 
Federal  Systems  Division 
Eastman  Kodak  Company 
Rochester,  NY  14650-2156 

Professor  Arthur  Ellis 
Department  of  Chemistry 
University  of  Wisconsin 
Madison,  WI  53706 

Professor  Mustafa  El-Sayed 
Department  of  Chemistry 
University  of  California 
Los  Angeles,  CA  90024 

Professor  John  Eyler 
Department  of  Chemistry 
University  of  Florida 
Gainesville,  FL  32611 

Professor  James  Garvey 
Department  of  Chemistry 
State  University  of  New  York 
Buffalo,  NY  14214 


Professor  Steven  George 
Department  of  Chemistry 
Stanford  University 
Stanford,  CA  94305 

Professor  Tom  George 
Dept,  of  Chemistry  &  Physics 
State  University  of  New  York 
Buffalo,  NY  14260 

Dr.  Robert  Hamers 

IBM  T.J.  Watson  Research  Center 

P.0.  Box  218 

Yorktown  Heights,  NY  10598 

Professor  Paul  Hansma 
Department  of  Physics 
University  of  California 
Santa  Barbara,  CA  93106 

Professor  Charles  Harris 
Department  of  Chemistry 
University  of  California 
Berkeley,  CA  94720 

Professor  John  Hemminger 
Department  of  Chemistry 
University  of  California 
Irvine,  CA  92717 

Professor  Roald  Hoffmann 
Department  of  Chemistry 
Cornell  University 
Ithaca,  NY  14853 

Professor  Leonard  Interrante 
Department  of  Chemistry 
Rensselaer  Polytechnic  Institute 
Troy,  NY  12181 

Professor  Eugene  Irene 
Department  of  Chemistry 
University  of  North  Carolina 
Chapel  Hill,  NC  27514 

Dr.  Sylvia  Johnson 
SRI  International 
333  Ravenswood  Avenue 
Menlo  Park,  CA  94025 

Dr.  Zakya  Kafafi 
Code  6551 

Naval  Research  Laboratory 
Washington,  DC  20375-5000 

Professor  Larry  Kesaodel 
Department  of  Physics 
Indiana  University 
Bloomington,  IN  47403 


Professor  Max  Lagally 
Dept.  Metal.  &  Min.  Engineering 
University  of  Wisconsin 
Madison,  WI  53706 

Dr.  Stephen  Lieberman 
Code  522 

Naval  Ocean  Systems  Center 
San  Diego,  CA  92152 

Professor  M.C.  Lin 
Department  of  Chemistry 
Emory  Univer*"'  .y 
Atlanta,  GA 

Professor  Fred  McLafferty 
Department  of  Chemistry 
Cornell  University 
Ithaca,  NY  14853-1301 

Professor  Horia  Metiu 
Department  of  Chemistry 
University  of  California 
Santa  Barbara,  CA  93106 

Professor  Larry  Miller 
Department  of  Chemistry 
University  of  Minnesota 
Minneapolis,  MN  55455-0431 

Professor  George  Morrison 
Department  of  Chemistry 
Cornell  University 
Ithaca,  NY  14853 

Professor  Daniel  Neumark 
Department  of  Chemistry 
University  of  California 
Berkeley,  CA  94720 

Professor  David  Ramaker 
Department  of  Chemistry 
George  Washington  University 
Washington,  DC  20052 

Dr.  Gary  Rubloff 

IBM  T.J.  Watson  Research  Center 

P.0.  Box  218 

Yorktown  Heights,  *£  10598 

Professor  Richard  Smalley 
Department  of  Chemistry 
Rice  University 
P.0.  Box  1892 
Houston,  TX  77251 

^Professor  Gerald  Stringfellow 
Dept,  of  Matls.  Sci.  &  Engineering 
University  of  Utah 
Salt  Lake  City,  UT  84112 


Professor  Galen  Stucky 
Department  of  Chemistry 
University  of  California 
Santa  Barbara,  CA  93106 

Professor  H.  Tachikawa 
Department  of  Chemistry 
Jackson  State  University 
Jackson,  MI  39217-0510 

Professor  William  Unertl 

Lab.  for  Surface  Sci.  &  Technology 

University  of  Maine 

Orono,  ME  04469 

Dr.  Terrell  Vanderah 
Code  3854 

Naval  Weapons  Center 
China  Lake,  CA  93555 

Professor  John  Weaver 
Dept,  of  Chem.  &  Mat.  Sciences 
University  of  Minnesota 
Minneapolis,  MN  55455 

Professor  Brad  Weiner 
Department  of  Chemistry 
University  of  Puerto  Rico 
Rio  Piedras,  Puerto  Rico  00931 

Professor  Robert  Whetten 
Department  of  Chemistry 
University  of  California 
Los  Angeles,  CA  90024 

Professor  R.  Stanley  Williams 
Department  of  Chemistry 
University  of  California 
Los  Angeles,  CA  90024 

Professor  Nicholas  Winograd 
Department  of  Chemistry 
Pennsylvania  State  University 
University  Park,  PA  16802 

Professor  Aaron  Wold 
Department  of  Chemistry 
Brown  University 
Providence,  Rl  02912 

Professor  Vicki  Wysocki 
Department  of  Chemistry 
Virginia  Commonwealth  University 
Richmond,  VA  23284-2006 

Professor  John  Yates 
Department  of  chemistry 
University  of  Pittsburgh 
Pittsburgh,  PA  15260 


